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THE EFFECTS OF IONIZING RALIATION ON THE RIOCHEMISIRY

OF MAMMALIAN TISSUES
fects of Oral Administration of Mixtures of Various Sulfwre
Ining Compounde Fadiats nduced Changes in bnsyme

I. The Ef
“oon

Bernard E. Hietbrink, Marjorie Kesimiri and
Mary B, Hayward

This report concerns: The results of quantitative measurements of
the influence 3 oral admmstration of various combdnations of cysteine, re-
duced glutathione (GSH), 2-aminoethylisothicuronium (AET), and 2-mercapto-
sthylamine (MEA) on the radiationeinduced changes in enzyme activity of the
spleen, . thymus glands, and small intestine of the rat. The influence of
sodium pentobarbital (Nembutal) on the radioprotective activity of some of
thess mixtures was also investigated.

Iimediate or ultimate a cation of the resultss To obtain infor-
mation on Tue radloprotective aca%:[ﬁ of various sulfur-containing compounds
when administered orally to rats. A great deal of information is available
concerning the abllity of this group of agenta to reducs the damaging effects
of radiation when given intraperitoneally or intravenously but relatively few
studies have been undertaken to ascertain the protective activity of these
apeuts given by the oral routs, Information of this naturs is of considerable
value when considering the practical use of chemical compounds as radiopro-
teotive agents, Recent studies by Melville et al. (1) have shown that the
oral sdministration of mixtures of cysteine and AET provides substantial pro-
tection against the lethal offects of x-irradiation and that pentobarbital
(1,2,3) enhances the radioprotective activity of this mixturs in rats and
monkeys. Results of our recent studiecs (L,5) on the influence of oral ade
ministration of various radioprotective agents on the radiation-induced changes
in the ensyme activities of certain hematopoietic tissues and the intestine of
rats indicated that in general the compounds tested were more of factive when
given intraperitoneally. The current study was undertaken to obtain additional
information concerning the influence of oral administration of mixtures of
certain sulfur-containing compounds on the radiation-induced changes in the
enzyms activities of the spleen, thymus glands, and small intestine of the rat.
It 4ia anticipated that studies of this nature may ultimately be of value in the
formulation of a drug treatment that will provide optimm radioprotection when
given by the oral route.

M 3 3 %

Studies were recently undertaken in this laboratory to obtain infore
mation concerning the ability of various radioprotective compounds to reduce
the radiation~induced changes in the adenosine triphosphatase activity of the
spleen and thymirs glands and in the cholinesterase activity of the small

1
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inteatine of the rat. Results of thcass studley have indicated that the orsl
administration of sodium diethyldithiocarbeamate or dimethylamnonium dimethyle
dithiocarbamate was not capabls of reducing radiation-induced changes in the
enzyme activities of these tlmsues whati {ls2n by this voute (5). The oral ad-
ministration of peaminoproplophencné (FAPE) was found to provide substantial
protection to the spleen snd intestino. Tho maximm protective effect of MEA
by this route ocourred at two hours after éral administration (h). Melville
(3) found that the mixture of ART-and oysteine, given orally, provides marked
protection against the lethal effects of ix+irradiation in monkeys. Thus exe
periments were performod to determine the abllity of mixtures of various com
pounds to reduce the injurious effmots of zwray in the splesn, thymus glands
and Intestine of the rat.

The results of initial studles (6) on the influence of orally adminis-
tered mixtures of cysteine and AET on the rsdiation-indused changes in the
enzyme activities of the hematopeietic tissues and intestine of rats showed
that the mixture of 1,i00 mgm./kgme of cysteine and 600 mgm./kgm, of AET pro-
vided a substantial reduction in the biologlcal effects of LOO r in the tissues
studied. Other doses of AET ranging from 300 mgm./kgm. to 700 mgm./kgi. were
administered with 1,000 mgn./kem. of cysteins but were less effective in pre-
venting the changes in enzyme activity of one or more of the tissues studied,
Proliminary experiments on the radioprotsctive activity of 200 mgm./kgm. or
250 mgm./itgm. of MEA given orally in a mixture with 1,000 mpu./kgm. of cysteine
indicsted that this mixtuwre is considerably more effective when given intrae
peritoneally. Tho prasent report consists of a continuation of this study and
deseribes the influence of oral admirdstration of variocus mixtures of cystaine
and MEA, reduced glutathione and MEA, AET or cysteine on the radiation«induced
changes in ensyms activitles of various tigsues and the effeut of pentobarbital
on the radioprotsctive activity of some of thess orally adwinistered mixtures.

Materials and Methoda. Adult, female SpragueeDawley rats wers used
for these experiments, The animals were housed in air-conditioned quarters at
68° to 75° Fo and were given Rocklaud Rat Diet and water ad libitum, X-irradi-
ation vas administered as a single whole body exposure with a G, B. Maximar
Therapy umit employing the following radiation factorst 250 XVP, 15 ma., 0,25
mm, Cu and 1 mm, Al added filtration. The target-animal distonce was 75 om.
giving a dose rate of 3 r to 36 r per minuts as measured in air with a
Victoreen ionization chember. The cowpounds tested for radioprotective agw
tivity wore injectzd as neutral agueous mixtures. In all cases the concenw
trations were adjusted to permlit the administration of total volumes not exe
ceeding 1,25 of the body weight,

The adenosine triphosphatase activity of the spleens and thymus glands
was measwred sScording to the method of DuBols and Potter (7) using 0.5% hamoge-
nates of gpleen and 1% homogenates of thymus glands. Assays waere performed in
duplicate using 0.1 wl, and 0.2 ml. cf each gqueous tissus homogenate, Ine-
organic phosphorus was determined by the method of Fiske and Subbarow (8) and
the enzyme activity was expressed a2 micrograma of phosphorus liberated from
adenosine triphosphate by 1 mgm. of tissue during a l5=-minute incubation perioed,
The acetyicholinesterase activity of the small intestinec was determined by the
manometric method of DuBois and Mangua (9). A portion of the small intestine
was freed from the mesenterlc counective tissue and fat and longitedinally




3

dissected to expel the contents, Tho tissus was washed with distilled water,
blotted with filter paper,; minced and homogenized in Ringer~bicarbonate buffer.
Measurements were conducted in duplicate using 5O mgm. of tissue per Warburg
vessel. The vessels were gassed with 53 COp and 955 Np for tive minutes.
Carbon dioxide svolution was recordsd at 5-minute intervals for a period of
30 minutes following a preliminary lO-minute equilibration. Acetylcholine
esterase activity was expressed ap microliters of C0y evolved per 50 mgm, of
tissue dwring » 10-minute incubation period. The degree of radioprotection
provided by the chenmicsl compounds in the tissues studied was expressed as
per cent reduction of the biologlcally effective radiation dose. The data
presented in this report were caloulated using the dose reaponse curves and
methods described in a previous repert (10),

Results

The effects of oral administration of mixtwres of cysteine and 2=
mercaptoethylamine on the changes in ensyme activities of the spleen,
plands, and intestines of rats three days after LOO r of x-irradiatiom. s
resullts of preliminary studies (5) on the infiuvence of oral administration of
oysteins amd MEA on the radiation-induced changes in the enzyme.activities of
the spleens, thymus glands, and intestines of rats indicated that mixtures of
200 mgm. fkgm. or 250 mgm./kgm. of MEA with 1,000 mgm./kgm. of cysteine are more
sffective when given intraperitoneally. However, since no gross toxic manie
festations wore observed following these treatments, it was of interest to ob-
tain information concerning the radioprotective activity of higher doses of
these agenta. For thsse experiments groups each containing four rats were
given mixtures of cysteine and MEA at various intervals befare 400 r of
x=irradtation, Three days later the animals were sadrified far adenosine
triphosphatase assays on the spleens and thymus glands and cholinesterase
neagurements on the intestines. The results of these msasurements are pre-
sentad in Table 1.

, The data shown in Table 1 indicate that oral administration of mixtures
of 1,000 megm./kgm, of cysteine and 300 mgm./kgm. o LOO mgm./kgm. of MEA did aot
provide substantial protection %o the spleen and intestine when given 30 minutes
before 400 r of x-irradiation. A marked reduction in the biological effest of
LOO r in the spleen was observed when 1,000 mgm./kgm., of cysteine and 500 mgm./
kgmo of MEA were given at this time interval. In view of these results, studies
were undertsken ¢o obtain information on the radicprotective activity of 1,500
mgm, fkgm, of cysteine given orally alone and as a mixture with 500 mgm./kgm. of
MEA, Administration of 1,500 mgm,/kgm. of cystaine 30 minutes before LOO r of
Xeray did not significantly reduce the biological effsct of 40O r in the tissues
studied, In order to obtain information concerning the onset and duration of
radioprotective activity of this mixture groups of animals were given 40O r of
xe-rgy at 15 minutes, U5 minutes, and 60 minutes after receiving the chemicals.
The data show that the hemsatopoietic tlissues are not sigmificantly protected at
15 mimites after adrdnistration of the mixture and that the radioprotective ac-
tivity of these gompounds is no longer evident in the tissues of animals given
h0O » of xeray 60 minutes after drug treatment.

The effects of oral sdministration of mixtures of reduced glutathione
and other sulfur-containing compounds on tho chanrzes in enxyme activities of
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the agleena, g_w%us Elanda and intestines of rats three days after OO »r of
X ation, Reaults oE, experiments presented above and in our previous
report (6) 1llustrate that the oral administration of mixtures of cysteine
and MEA and cysteine and AET at appropriate intervals before xeirradiation
provides substantial reductions in the biological effects of radiation in thes
spleens, thymus glands, and intestines of rats. Therefore, studies were under-
taken to obtain information on the radioprotective activity resulting from
oral administration of mixtures of glutathione and other sulfwr-containing
agents., For these experiments groups each containing fouwr rate were given
mixtures of glutathione and MEA, glutathione and AET, or glutathlone and
oysteine at various intervals prior to LOO r of x-irradiation. Three days
later the animale were sacrificed and the enzyme activitles of the spleens,
thymus glands, and intestines were determined. The results of these determi-
nations are shown in Table 2. :

The data presented in Table 2 show that the oral administration of
1,500 mgm, fkgm. of reduced glutathione provided 19% and 12% reductions in the
blological effect of LOO r in the spleens and thymus glands respectively when
glven 30 minutes before x-irradiation. Substantial protection was afforded to
the tissues studied when the mixture of 1,500 mem. /kgm, of glutathione and 500
mgm. /kgm, of MEA was given 15 minutes prior to radiation. Resulis of exseri-
ments wndertaken to obtain information concerning the duration of radiopro-
tective activity indicate that this mixture provides significant protection
to the spleens and thymus glands but did not reduce the injurious effects of
x-ray on the intestines of rats irradiated at 30 and 60 minutes after oral
administration of the mixture, Mixtures of glutathione plus AET and gluta-
thione plus cysteine did not significantly alter the radiation-induced changes
in the spleens and intestines caused by LOO r but provided 187 and 20% re-
ductions respectively in the biological effect of x=irradiation in the thymus
glands.

The influence of sodium pentobarbital and mixtures of various sulfure
containing compounds on the changes in enzyme activities of the spleens, thymus
lands, and inteatines of rats three d after 400 r of x-irradiation. Mele
&Ie et al. (1,2) have recently found that Intraperitoneal or intravenous ine
jections of pentobarbital enhanced the radioprotective activity of orally ade-
ministered AET or AET and cysteine mixtures as measured by survival studlies in

rats and monkeys. Results of previous studies (6) in this laboratory showed
that the mixture of 1,000 mgm./kgm. of cysteine and 600 mgm./kem., of AET glven
orally provides substantial reductioans in the biological effects of LOO r in
the tissues studied. To obtain further iuformation concerning the influence of
ventobarbital on the radioprotective activity of mixtureas of AET and cysteine
in specific tissues, groups of fow rats were given various mixtures of these
compounds orally 30 minutes before 400 r of x-ray and 25 mgm,/kgm. of pento-
barbital was given intraperitoneally 20 minutes later. Enzyme assays were
performed on the tissues of these animals three days later. The results of
these and other experiments are shown in Table 3.

The data presented in Table 3 show that the oral administration of
1,000 mgm./kgm. of cysteine provided a 26% reduction in the bilological effect
of LOO r of xeray in the apleen but did not sigmificantly benefit the thymus
glands and intestines and that 25 mgm./kgm. of pentobarbital abolished the
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protective asctlvity of cysteine in the mpleens. Data presented in our pro=
vious report (6) showed that the mixture of 1,000 mgn./kgm. of cysteine and
600 wgm./igm, of AET provided marked dose reductions in all the tissues
studied. Intraperitoneal injection of pentobartdital reduced ths beneficial
offects of the mixture in the hematopoietic tlssues and totally inhitdted the
protection observed in the intestine. Melville and Leffingwell (2) have
shown that the combination of ART, pentobarbital, and x-irradiastion caused
aiditive or even synergistic lethal effects. To determine whether manifes-
tations of drug toxicity reduced the radioprotective activity of this aixture,
groups of animals were given various dosage levels of ABT and cystsine, It
was found that reducing the level of AET in the mixture to 40O mgm./kgm. en=
hanoed the proteotive activity of this treatment in all the tissues studied.
However, when aysteine or both cysteine and AET were reduced this mixture did
not alter the effect of 40O r in the intestine, Administration of pentobarbi-
tal to animals previously treated with the mixture of 1,000 mgm./kgm. of
cysteine and 500 mgm./kgm, of MEA did not significantly affect the protective
activity of this mixture (Table 1),

Discussion

This investigation consisted of a continmuation of experiments recently
undertaken to determine the effect of aral adwinistration of various mixtures
of cysteine, AET, MEA, or glutathione on the radiation«induced changes in the
adenosine triphosphatass sctivity of the spleenz and thymus glands snd in the
cholinesterase activity of the small intestine of rats. The results of these
experiments showed that the mixture of 1,500 mgm./kgm. of oysteine snd 500 mgm./
kgn, of MEA given 30 minutes before x-~irradiation provided substantial reduction
in the blological effects of OO r in the tismues studied. Treatment of the
animals at other time intervals before radiation exposure with other dosage
levels of this mixture failed to be ag effective. The mixture of 1,500 mgm,/
kgne of glutathione and 500 mgm./kgm. of MEA given 15 minutes prior to xeray
was the most effective dosare achedule of this mixture tested in reducing the
Mological offects of radiation in the spleen and intestine. Administration of
this mixture at 30 minutes to 60 minutes befors radiation provided substantial
rrotection to the hematopoietic tissues but did not reducs the damaging effect
of OO r in the intestines.

Studies were also undertaken to obtain information concerning the ine-
fluence of sodiun pentobarbital on the ability of mixtures of cystelne and AET -
to reduce the biological effect of radiation in the hematopcietic tissues and
intestines of the rat. These experiments were promptcd by the recent findings
of Melville and Leffingwell (2) who showed that intraperitoneal injections of
pentobartdtal enhance the protective activity of orally adrdnistered AET against
the lethal effects of ionlzing radiations in rats. These inveatigators observed
that the desree of radioprotective activity obtained was dependent upon adjust-
ment of the dosapge of the sulfur-containiug compounds and the sedative in srdar
to sliminate the toxic manifestations of the protective treatment. The results
of studies presented in the current report illustrate these observations. The
protective activity provided the intestine by the mixture of 1,000 mgm./kgm. of
cysteine and 500 mgm./kgm. of AET was not observed when pentcbarbital was ad-
ministered ten mimutes before radiation but signifiocant protection was obtained
in the tissues atudied when the dose of AET was reduced to LOO mgm./kgm.
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The results of thess studies 11lustrate that various mixtures of
sulfur-containing compounds are capable of reducivng the damaging effects of
x~irradiation in the hematopoietic tissues and intestine but in most instances
4t 1s more difficult to obtain protective activity by oral sdministration than
1t 18 when the arents are glven intraperitoneally. Thirty=day survival studies,
which will assist in the evaluation of the effectiveness of these orally ad-
ministered mixtures, are currently in progress,

Swmary

1, A study was conducted to quantitatively determine the radioprotective ac-
tivity of orally administersd mixtures of various sulfurecontaining come
pounds in rats. Doses of MEA ranging from 300 mgm./kgm. to 500 mgm./kgm.
were given as mixtures with 1,000 mgn./kgm. of cysteine 30 minutes before
40O r of x-irradiation. The mixturs of 1,000 mgm./kgn, of cysteine and
500 mgn,/kgn. of MEA provided a reduction of 3T in the biological effect
of radiation in the spleens but like the other mixtures tested did not
substantially benefit the thymus glands and intestines, Oral adminis-

" tration of 1,500 mgm./kgm. of cysteine and 500 mgm./kgm. of MEA 30 minutes
befare x-ray provided marked reductions in the biological effect of LOO r
in the tissues tested. This mixture was much less effective when given 15
minutes, L5 minutes, cr 60 minutes bofore x-ray.

2. Experiments undertaken to determine the protective activity of mixtwres
of glutathione and other sulfurw-containing oompounds indicated that the
mdxture of 1,500 mgm./kgm, of glutathione and 500 mgm./kgm. of MEA given
orally 15 minutes before x-ray provided 353, 2U%, and 29% reductions in
the biological effect of LOO r in the spleens, thymus glands, and intes~
tines respectively. When this treatment was ziven at 30 minutes, US
mmtes, a 60 minutes before x-ray, it provided protection to the hemato-
poietic tissues but did not redw:s the injuriocus effects in the intestines.
Mixtures of glutathione plus AET and glutathione plus cysteine aid not
significantly alter the radiztion-induced changes in the ensyme activities
of the aspleen and intestine when given orally 30 minutes before LOO r,

3o Results of studies to determine the influence of intraperitoneal injection
of sodium pentobarbital on the radioprotective activity of chemical agents
given orally showed that 25 mgm./kgm. of pentobarbital nullified the pro-
tective effect of 1,000 mgm./kgm. of cysteine in the splesn. In most
instances pentobarbital did not significantly affect the protective ac-
tivity of the mixtures in the hematopoietic tissues tut reduced the bene~
ficial effects of these agents in the intestine,
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Bernard E. Hietbrink; Marjorie Keshmird and Keim;oth Po DnBo:!.s

This report concerns: Results. of experiments umdertaken to obtain
additional information concerning the influence of ionizing radiations on the
development of the phosnhorothicate-oxidizing enzyme in the livers of young
male ratz, Observations were made on the influence of shielding the head and
teates on the radiatlon=induced inhibitlon of the develomment of the drug
metabolizing enzyme. The influence of sodium pentobarbital and sodiwr pheno-
hartital on the develomment of this enzyme gystem and the effeet of Xeirradi-
ation on phenocbarbital-induced enzyme synthesis were also investigated.

Immediate or ultimate application of the resultss The present in-
vestigation constitutes a continuation of studies recently initlated to obtain
information on the ef‘ects of lonlzing radiations on the development of micro-
sunal enzymes in the liver which are resnonsible for the oxidative desulfur-
ation of nhosphorothiocates and which catalyze the metabolism of other drugs
and toxlc compounds. Praviously we have attempted to obtain information con-
cerning the influence of x-irradiation and gamma radiation on the mechanisms
responsible forr the normal development of these microsome enzymes in young
male rats, Studies in this (1) and other laborataries (2,3,4) have shown that
polyeyelic hydrocarbons and other foreigh chemical agents enhance the activity
of ldver microsume engymes which are responsible for the metabolism of various
drugs in the intact animal., Thus a considerable portion of the preseant report
1s concerned with the resulis of studies on the effect of x=irradiation om
drug~induced stimulation of the activity of drug metabolizing ensymes., Results
of initial studieg on the influence of radiation on drug-induced stimulation of
enzyme activity indicate that 200 r or 400 r of X-ray given 2 hours before
initiating a serles of daily injections of various doses of sodium phenobarbital
does not substantially affect the degree of phenobarbital-induced stimulation in
the activity of the phosphorothiocate-cxidizing enzymes in the livers of adult
female and young male rats. Evidence is presented that shielding the head and
testes while the remainder of the body is exposed to radiation reduces the de-
gree of inhibition in the development of enzyme activity caused by 200 r of
x-ray. It is anticlpated that information obtained from these experiments will
ultimately assist in ascertaining the blological mechanisms involved in the in-
Jurious action of ionizing radilations on marmalian tissues.

LR R R

A systematic study was recently undertaken (5) to obtain information
2oncerning the radiation-induced detect in the development of microsome enzymes
which are resnonsible for the metabolism of various drugs and toxic agents in

n
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¢the ldvers of young male rats. Resulis have indicated that doses of x-ray

as low as 100 r (6,7) cause substantial reductions in the rate of development
of the ensyms system, that the inhibdtitn is reversible, and that the enzyme
sctivity resches normel adult levels at five to six weeks after 100 » o

200 r of x-irradiation {8). Administration of a second domse of 100 ¥ or 200 r
of x-irradiation to 30-day old rets st ssven days after an initial exposure
increased the period required for synthesis of ensyme activity to normal adult
levels; however, when the second dose was given 1) days after the first ex-
pasure the miorosome oxidases developed at s rate similar to that of animals
irradiated only at 23 days of age.

Shielding various areas during x-ray exposure was used in an attempt
to pain information concerning the gross site of radlation-induced inhibitdon.
These experiments showed that shielding the testes or the liver area did not
rravent the inhibitory effect of 200 r or 40O r of x-ray on the development of
the drug metabolizing enzyme (7)., It was also found that the administration of
600 r {7) or 800 r (9) of x~ray to the liver area while shielding the remainder
of the body substantially reduced the rate of development of the enzyme system
during the latter part of the observation period. The present report describes
results of experiments on the influence of shielding the head and testes on the
inhibitory effect of 200 r of x-ray on the synthesis of this enzyme system.

In our previous studies we have been interested in obtaining information
on the influence of ionizing radiations on the normal rate of development of
microsomal enzyme systems, Recent studies by Conney et al. (2) show that pre-
treatment of young rats with drugs differing widely in chemical structure and
vharmacological activity stimulates the activity of drug-metabolizing enzymes
in microsomes of the liver., Measurements were made of the effect of x-irradi-
ation on the barbiturate-induced stimulation of the synthesis of the phospharo-
thioate~oxidizing enzyme system 4n the liver of young male and adult female
rats. Results of these measurements indicated that administration of x-ray
one day befors daily injection of phenobarbital does not significantly affect
the drug-induced stimulation in enzyme activity.

Materials and Methods. Adult female and young male Sprague-Dawley
rats were used for these experiments. The animals were housed in air-sonditioned
quarters and were given Rockland Rat Diet and water ad libitum. X-irradiation
was administered as a single exposure with a Go E. Maximar theravy unit employing
the following radiation factors:s 250 KVP, 15 mao, 0,25 mm. Cu and 1 mm, Al
added filtration, The target~animal distance was 75 cm. giving a dose rate of
3l r 40 36 r per minute as measured in air with a Victoreen ionization chamber,
For experiments ohr the effect of partial body shielding on thes development of
the drug metabolizing enzyme system, weanling rats (23 days old) were anesthe-
tized with aqueous solutions of sodium pentobarbital (25 mgm./kgm. intraperito-
neally) to facilitate accurate placement and maintenance of the lead shields
during radiation exposure. Aqueous solutions of sodiim phenobarbital were
given intraperitoneally.

For enzyme assays the rats were sacrificed by decapitation and the
livers wers quickly removed, weighed, and homogeniszed in cold distilled water.
Guthion was converted to its active metabolite by the method developed by
Murchy and DuBois (10) in this laboratory and by a modification of the method
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used by Conney et al. (L) for other reactions catalyszed by microsome enrrmes.
The details of these modifications mad the methods amployed in the caloulation
of the ensyme activity have been described in detail in a previcas report from
s laboratory (11)-

Results

on the develorment of the
. ng mr‘uo In
; smployed part] elding to ormation on the
grogs site of action of radistion in comnection with the inhibition of the de-
velopment of miorosome oxidases. It was found that 200 r or LOO » of x-irrsdi-
ation given to the liver ares only does not inhibit development of the ensyme
system in contrast to the marked inhibition resulting from these doses of whole
body radiation. Testosterone stimulates the development of the enzyme systam
(10) but shielding the testes during irradiation did not prevent the radiation-
induced inhibition of development of the enzyme system, Evidence was cbtained
which indicates that radiation injury to the adrenal glands may be a factor in
the delayed development of engyme activity. In this connection dally injections
of adrenal cortex extract reduced the degree of radiation-induced inhibition of
the development of the phosphorothiocate~oxidizing enzyme caused by 200 r of
total=body x-ray. Experiments were undertaken to obtain additional information
on the effect of partisl-body shielding on the development of microsomal ensyms
activity in young male rats. For these experiments 23-day old male rats were
anesthetized with 25 mgm./kgm. of sodium pentobarbital and lead shields were
vlaced so as to shield the head and the testes. The remainder of the body was
then given 200 r of x-irradiation., The animals were sacrificed at various
intervals during the following three weeks, a portion of the liver was removed
and the microsome oxidase activ.ty was measured. The resulis of these measure~
ments are presented in Figure 1 where cach noint on the curves is the average
of measurements on the livers of at least four animals,

The data in Fipure 1 show that shielding the head and testes reduces
the degree of inhibition caused by 200 r of x~ray. Since nrevious studies have
shown that shielding the testes does not alter the inlibitory action of 200 r,
these results nrovide evidence that radiation-induced injury to the head may be
vertially respongible far the inhibitory asction of x-ray in the liver, Ad.
ditional exveriments, however, must be undertaken to more accurately determine
the influence of shielding and irradiating the head area on the development of
drug metabolizing enzymes.

The influence of 25 o . of sodium pentobarbital on the develop-~
ment of the phosphorothicate=~ ging enzymes in the iivers of young male rats.
It vwas noted in this and previous atﬁies (7,8,9) that the actﬁ%ty of the
microsome enzymes of the livers of partially shielded irradiated rats was sube
stantially elevated for approximately 10 to 12 days following x-ray. It was
suggested (9) that sodium pentobarbital used to anesthetize the animals during
the shlelding experiments may be causing this inditial stimulation in activity
since Commey et al. (2) have shown that relatively small doses of other barbitu-

rates cause marked increases in the activilty of various drug-metabolizing enzymes
which are located in the microsomes of the livar. To determine the effect of
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barbiturates on the developrent of the phosphorothioate-oxidizing ensyms in
the livers of young male rats a group of 23«-day old aniwals was given 25
npe./kgn. of sodium petobariitsl ten minutes before 200 r of x-irrsdisiion.
Another group consisting of nensirradiated animals was given 25 mgm./kgn, of

tal, The aninals wers sacrificed at various intervals during the
following three weeks and the miorosome cxidase activity of the livers was
measured. The results of these measurenents are shown in Figws 2 whers each
point on the curves is the aversge of measurements on the livers of at least
four animels.

The data vresented in Migure 2 illustrats the marked stimulationm in
ensyme activity observed at one day after injection of pentobarbital in both
the irradiated and noneirradiatisl animals. The activity tended to return
touard normal after five to six days and no aignificant difference was found
in the ensyme activity of the pentobarbital treated and non-treated animals
given 200 r of x-ray during the last two weeks of the observation period, The
results of this study indicate that the early stimulation in ensyme activity
observed in animals anesthetized for shielding ectudies was due to pentobarbital-
induced ensyme synthesis,

The influence of x=irradiation on phenobarbital-induced atimulation of
the phospharothiocate-oxidizing enzyme in EEe 1iver of male rats, Commey
et H) have recently foung that relatively small doses of phenobarbital
cause a marked increase in the activity of the enzymes responsible for the
demethylation of 3-methyl=ljemonomethylaminoasobenzene (3-methyle=MAB) .and for
the metaboliam of soxazolamine and other chemicals in the livers of young male
rats. Thus a study was undertaken to cbtain information conceraing the influ-
ence of x«irradiation on the barbiturate-induced atimulation in mlcrosome oxi-
dase activity. The results of studies rresented above indicated that pento-
barbital causes a marked stimulation in the activity of the miorosome oxidase
which catalyzes the metabolism of phosphorothioates, Preliminary studies showed
that daily 2 mgm./kgm. doses of phencbarbital cause marked stimulation in the
develotment of ensyme activity. Groups of 23«day old male rats were given 200 r
of xeray and 2l hours later daily injections of vhenobarbital (2 mgm./kgm.) were
bepun. Normal and drug-treated unmirradiated animals served as the comtrols,
Animals were sacrificced for enzyme measurements at 28, 30, and 32 days of age.
The results of these measurements are shown in Figure 3 where each bar repre-
sents the average and range obtained from the number of animals indicated in
varenthesis,

The data in Figure 3 indicate that phenobarbital causes approximately
& two=old increase in the normal rate of development of the nhosphorothioate-
oxidizing enzyme system after L, 6, and 8 daily 2 mgm./kgm. injections. The
vhenobarbitaleinduced stimulation in enzyme activity was less marked in animals
that had received 200 r at 23 days of aze; however, the difference was not sige
mficant due to the variability of the responses,

In view of these results it was of interest to determine the influence
of increased levels of phenobarbital and higher doses of x=irradiation on the
development of the drug-metabolizing enzymes. For these experiments groups of
23-day old rats were given 200 r or 400 r of x-irradiation and daily injections
of S mgm./kgm, of phenobarbitcl were begun 24 hours later. The animals were
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Mgure 3. The influence of 200 r of x-irradiation on pheno~
barbital-induced stimulation of the phosphorothiocate-oxidising en
in the livers of young wale rats. A, control activity; B, 2 mgm. a
of phenobarbital per day starting at 2 days of age; C, 200 r at 23
days of age, 2 wmgm./kgm. of phenobarbital par day starting at 24 days
of age, Numbers in parenthesis represent the number of snimals in each
group.
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saorificed iy 6y end B days loter and the drugemetubolizing cazywa activity
of the livers wag maapurcd. Tho results of theso moosurcmcnta aro pregentad
in Mpure I} vhers cach bor ropresonts the avorasze and rauge ebiained for hoe
Mivers of emch group of ariinnls. The rumber of anisils 4n ccch proup e
givan in perenthesis,

The data presentoed in Fipure k indlcate that 5 mgm./kgm. of pheno=
barbital cauze a twos to threesfuld inoreass in the grnthesis of enwsyms ac-
tivity after L, &, and 8 dally doses of S mgmo/kgm. of phencbarbital. It is
apoarent that 200 r of x=irradistion does not inhiblt the drug-induced synthe-
sis of ensyme activity; however, the enzyme activity of the enimals given 400 r
of x-ray at 23 days and 6 or 8 daily injections of phenobarbital was sube
stantially leas than the unirradiated drug-treated controls,

The influence of x-irradiation on phenobarbital-induced stimulatiom
of the phosphorotnicate-oxidizing enzyme in the liver of the rat. bxperiments
were undertaken to obtain information concerming the effect of daily injections
of vhenobarbital and x-irradiation on the synthesls of phosphorothicate-
oxidizing enzymes in the livers of adult fomale rats, For these studies groups
of female rats were given 600 r of x-ray and injections of 37.5 mgm./kgm. of
phenobarbital were given twice daily (75 mgm./kgm./day) starting 24 hours later.
Young male rats (23 days old) were given 40O r and placed on the same injection
schedule., Fowr days later the animals were sacrificed and the drug metabolizing
activity of the livers was mespured. Tne results of these measurcments are
shown in Figure 5, Each bar ropresents the average of L} to 8 animals as indi-
cated in parentheslis and the range of the results,

The results of experiments presented in Flgure 5 show that daily in-
jeotions of 75 mgm./kem. of phenobarbital caused approximately a two-fold in-
crease in the activity of the liver of adult females and a four-fold increase
in the enzyme activity of young male rats. The livers of female rats given
600 r znd male rats given L0O r of x-ray before datily injecticns of 75 mgm./
kgmo of phenobarbital exhibited a similar degree of enzyme induction to that
obscrved in the drugetreated, unirradiated animals, Thus the results of these
studies indicate that administration of phenobarbital causes marked increases
in the synthesis of the phosnhorothioate-oxidizing enzyme system in adult fe-
male and young male rats, that thls increase ls dose dependent in young male
rats (Pigures 3, Y, and 5) and that sublethal doses of x=-irradiation do not
significantly influence the derree of phenobarbital-induced increases in age
tivity.

Discussion

The present investigation consisted of experiments undertaZen to ob~
tain additional information on the influence of fonizin. radiations on the
normal development and the drug-induced stimulation of an enzyme responsible
for the oxidative metabolism of certain chemical apents by the livers of adult
femsle and young male rats. The nresent report describes fmther studies on
the effect of partial body shielding on the inhibitory effect of x«ray on the
development of microsume oxidases, the influence of sodium pentobarbital, used
as an anesthetic agent, on the develonment of enzyme activity and the effect of
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Fgwe L. The influence of xeirradiation on phencbarbital-induced stimu~-
1gtion of the phosphoarothiocate-oxidizing enzyme in the livers of young male rats.
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Figure 5. The influence of x-irradiation on phenobarbital-
induced stimulation of the phosphorothiocate-oxidising enzyme in the
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tal per day for I days; D, adult females (60C r), young males (40O r)
plus 75 mgn./kgm, of phenobarbital per dxy for L days, B, 23-day old
contxrol activity. The mumbers in parenthesis represant the number of
aninals in each group.
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lonizing radiations on the sodium phenobarbital-induced stimulation in de-
velopment of these enzymes. The results of studies on the influence of
partial body shielding on the development of enzyme activity indicated that
shielding the head and testes while exposling the remainder of the body to
x=irradiation substantialliy reduced the inhibitory effect of 200 r on ths
develoonent of ths phosphorothlioate~oxidizing enzyme in the livers of totale
body and testes shielded irradiated animals, The mechanisms resnonsible for
the reduction in the biological effectiveness of radiation caused by shielding
the head area are not readily apparent, However, 1t is anticipated that studies
currently in progress will supoly information which will aid in ascertaining
the influence of radiation to the head area on the development of microsome
enzyme activity in the livers of young male rats.

It was noted in recent studies (7,8,9,11) that radiation apneared to
enhance the developrent of the phosnhorothloate-oxidizing engymes in the
livers of partially shielded animals for approximately 10 to 12 days follow-
ing x~ray. The results of studies by Conney et als (2), who found that small
doses of some barbiturates cause marked increases in the sctivity of various
drug-metabollsing enzymes located in the mdcrosome fraction of the liver, suge
gested that the pentobarbital used to anesthetize these animals during irradie
ation caused the initial stimulation in activity. Results of experiments on
the influence of pentobarbital c¢n enzyme synthesls indicated that the early
stimulation in drug metabolizing enzyme activity was caused by the anesthetic
agent,

The abagence of radiaticn-induced inhibition of the stimulatory effect
of phenobarbltal 1s somewhat surprising. Radiation has been found to imvhibit
the growth rate or decrease the size of various tissues (i.e., spleen; thymus
glands, testes, and other rapidly proliferating tissues). Phenobarbitale
induced stimulation in enzyme activity of the liver has been shown to coinclde
vith marked increases in liver weight and elevated microsomal and total liver
protein (2), Purther studies are currently in progress to determine whether
the time interval between radiation and initiation of barbifurate injections
has any influence on the synthesis of enayme activity.

&mua.rz

1, Additional studies were undertaken to determine the radiosensitivity of
the phosphorothioate-oxidizing enzsyme system in the livers of young male
rats, The resulis of experiments on the influence of partial body shield-
ing indicated that shielding the head and testes reduced the degree of
iahibition caused by 200 r of x-ray.

2, The injection of 25 mgm, /kgm. of sodium pentobarbital caused a marked
stimilation in the microsome enzyme activity of the livers of normal and
irradiated young male rats at 24 hours after administration. The enzyme
activity tended to return toward normal in both groups after five to seven
days. It is evident that the increage in ensyme activity observed in ire
radiated animals, which had been anesthetized with pentobarbital during
x=ray exposure, was due to barbiiurate-induced enzyme stimulation.
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Measurements of the influence of zeirradiation on phenobarbiitsl~induced
increases in phogphorothlcate-oxidase asctivity showed that 200 r does
not significantly affect the increase in enzyme activity caused by daily
doses of 2 mgm,/kgm, of the barbiturate. Results of experiments on the
influence of 200 r or U400 ¥ of xwirradiation on the increass in enzyms
activity caused by 5 mgm./kgm. of phencbarbital indicated that 200 r did
not influence barbiturate-induced stimulation in activity bub that LOO ¥
reduced the degree of enzyme increase that was obgerved after six or
elght dally injectlons.

Injections of 75 mgnofkgin./day of scdium phenobarbital cauvsed a two=fold
end a four=fcld increase in the enzyme activity of adult Temale and young
male rate respectively. Administration of 600 r to adult females and 400 v
to young maele rats one day before injection of phencbarbiial were begum
did not reduce the stimulatory effect of this drug,
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THE EFFECTS OF IONIZING RADIATICN ON THE BIOCHEMISTRY
OF MAMMALYAN TISSUES

IIX. Further Studies on the Influence of XeIrradiation on the
Reductase Activity of the livers of Rats

Kenneth P, DuBols and Bernard E. Hletbrink

This report concernst Extonasion of our previous studies on the
influence of radlation on the development of the enzyms system in the liver
that catalyzes reductive changes in certain types of chemical sgents.

Immediate or ultimate applicatlion of the results: Frogress in
elucidating blochemical effects of radlation requirea the systematic ine
vestiration of the reactions involved in various phases of intermediary
metabolism, As knowledse of praviously unknown metabolic reactions pre-
gresses to the stage of quentitative measursment of the reactions, it is
considered an important part of the present program to ascertain their
susceptibility to lonizing radiations, Thuaz; since the pathway responsible
for the oxidative metaboliam of foreign chemicals is underatood to a cone
siderable extent at the present time, it was of interest to ascertain whether
radiation affecte the activity of this system, Previous studies in this
laboratory demonstrated that the oxidative microsomal enzyme system is wn-
affected by radistion in adult animals but developmeht of the enzyme gystem
is severaly inhibited in young enimals, To determine whether thla effect
occcurs generally with respect to mlcrosome enzymes; a study of reductases
was undertaken as a step in attempts to locate the exact site of action of
radiation. The results of our recent previous experiments and those de-
seribed in this report lndicate a selective actlon by xw-irradiztion on the
development of oxidative microsomal enzyme systems. Thus it is possible to
foous attention on this phase of intermediary metabolism. Elucidation of
the exact mechanigm resnonsible for the inhibitory effect of radiation on
the develooment of microsomal enzymes would contribute basio information on
a radiation=~induced biochemical defect which has not been observed previougs
1y,

ELE R R LU

Praviocus studies in this laboratory (1-5) demonstrated that the de=
velopment of engymes which catalyze the oxldative metabollism of forelgn chemi-
cals in the liver is markedly inhibited by sublethal dosea of ionising radi-
ations., In the initial attempts to obtain some information on the snecificity
of the effect of radistion on microsome enzymes, studles were undertaken (6)
to ascertain whether develonment of the enzvme system that catalyzes reductive
changes in chemical agents is similarly inhibited by radiation. The reductase
system utilizes reduced triphesphopyridine nucleotide and is present largely
in the microsome fraction of the liver (7). A quantitative assay procedure
was developed and appiled to the livers of normal and irradiated rats (6).
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Meoagurenments of the reductmme sctivity of the livers of youny rabs
indicated that the activibty ls below the adult level at 22 days of ags bul
it increases to the adult level much more vapldly then the oxddative micro-
somal enzymes (6). Exposure of 23=day old rats to 40O r did nobt inhibit the
rate of devolopment of ¢he ensyne activity. Thus evidence was oblalned that
radiation has sume selsctlvity in 1ts inhibitory effect on the development of
liver microsome enzymes.

The apparent absence of an effect by radiation on the reductase system
indicated that reactions which generate the resduced triphosphopyridine nucleg-
tide required fer both microsome oxidase and reductase activity are not afe
fected by radiation. Direet evidence in support of this conclusicn was ob-
tained by measuring the influence of radistion on dehydrogenases whlch geners
ate reduced pyridine nucleotidss (8,9},

Since the reductase activity of the livers of weanling rats reached
the adult level rapldly, it sewmed desirable ¢o perform some exveriments on
hepatectomized rate, This was done with the idea in mind that the reductase
activity might be low immedistely after hepatectomy szud increase at 2 glow
rate during regeneration of the liver as 1t doss in the coge of mierosome
oxidese activity, However, when rata were exnogsed 40 200 v of x=ray at 18
hours following psrtial hepateatomy no effect by radietion was noted on the
reductase activity of ¢he livers at 2-1/h days and at later intervals afder
radiation thus indicatlng that the reduciase activity is resistant to radi-
ation.

The precent gtudy has consisgted of further expsriments cn the influ-
ence of x=irradiaiion on the reductase activity of the livera of young male
rats and partially hepatectosdzed adult rats, The young snlmals wsed fo
thess experiments included sone thed were less then 22 daye of age in order
to obtain more definitive information on the influence of radiation glven at
a time when the enzyme actlvidy was low. Similarly by irradisiion of animals
and performance of reductase assays sghorily after pertial hepatsctomy it was
hoped that further informaticn could be obtained on the effects of radiestlion
on the development of the cnzyme activity. The results of thoese studies pros
vided additlonal information indicating that ths development of raductaze ac-
tivity ie not affected by selrradiation st dosage levels that produce neorly
complete Inhibition of oxidative microcome enzymse.

Materlials and Metheds. Young and adult mele Sprague-Dawley rats were
uged for these experimsnts. The animals ward lrepl in alv-condiidoned rocms
and maintained et 68° to 75° F. and were fed Rocklend Rat Diet and water ad
Libitur, -

X-irradiation was edministered ass piugle whole body exvosures with 2
G, E, Maximmr Therapy Unlt. The rediastion factm's were 250 KVP, 15 mn., 0-25
ma. Cu ard 1 mm. Al edded filitraticn. The target-animal distonse was 75 ¢m.
ocad the dose rate was 3L r to 26 r per minute.

Roductese activity wus measwred by the method developed previocugly
in thie leboratery (6).
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Results

Rate of development of reductsse actlivity An the livers of lmmature
rats, In our previous studles on the reductase activity of the livers of
young rats, animals ranging from 22 to 42 days of age wore used. However,
by 22 days bhe reductase sctividty reached about 75% of the adult level. Al-
though the results previously obtained on irradisted animals (6) indicated
that radiation does not inhiblt the development of this ensyma; it seemed
desirable to conduct some further expariments uaing rats that were less than
23 days o0ldo Prior to the radiation experiments assays were conducted on
narmal. rats at various ages beginning at 1l days of age. The results of
these measurements are suminarized in Table 1 in which the average and range
of values for groups of four rats are presented.

TABLE 1

Rate of Development of Reductase Activity in the
Idvers of Young Male Rats

Reductzse Activity
(ugmo of peAminobensoic Acid/100 wgm of Idver/tr,)
Age (Days) Free Total
Avsrage Range Average Range
1L 3,8 (3.3=4,0) 13,7 (11,2-12,5}
17 5.5 (5.2=5,9) U6 (14.1-15,0)
22 4o9 (ho2=5.5) 23,1 (22,8-2},1)
26 9.6 (6.5-12,3) 32,k (31.2=33,7)
35 1.5 (11,1-12,0) 35,1 (3302=36,5)
2 8.9 (8:9=9.3) 30.5 (29,0-32,0)

Reductase assays conducted on the livers of lli-day old rats demon-
strated that the enzyme activiity isg about 1/3 of the narmal aduit level at
that age. The activity increased to about 3/4 of the edult level by 22 days
of age and to the adult level by 26 deys of age.

Tufluence of x=1rradiation on the development of reductaze activity
in the livers of immature rats. The low enzyme activity in the ilvers of
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animals at less thaun 20 days of age made it possible to obialn mors defini-
tive inforrztion concerning the effect of radlation on the development of
this enzyme than could be obtained on weanling rats. To apsertaln the efe
fect of radiation on the development of reductase activity in the ilivers of
immature rats, 4CC r of i-ray vas administered to groups of four animals end
they wers gacrificed at various times after x-vay exposure, By ¢omparison
of the level of enzyme activity in the livers of ivradiated snluels and in
normal ratg of the sane apge it was possible o determine whether radiation
had any appreciable influence on development of this system, The results of
these measurements are summarized in Tabls 2.

TABLE 2

Influence of L0O v of X-ray on the Davelopment of
Reductage Activiéy in the Livers of
Young, Maule Rais

Reductase Activity
(pzm. of p-Aminobenzoic Acid/100 mgm,
Age at Age ab Time of of Tisgue/Hour)
Time Time of Sacrifice
of Xeray § Sacrifice | After X=ray .
(vays) | f{Days) | (Days) Fees Total
Average Range Average Range
1).1 18 ll. ?oo (509=7o9) 1808 (180,4"1908)
1 22 8 2.9 {2:5=3.7) | 23.2 | {21.8-24,5)
23 26 3 11.0 (8c9=23.6) | 31,0 | (27.2-35.4)
23 35 12 108  §(20.2-11.4)F 30.8 [ (28.6-32,5)
23 Lk pal 11,3 [ (11.0-31.7)] 32.0 | (30.3-3L.k)

When li=day old rata were lrradiated and assays were condvcted four
daye later, there was no inhibiticn of the development of the onzyms activity
and ths level of enzyms activity wes in fact gomewhat higher then in unirradi-
ated rats of the sawe age. Animals irradiated ab 1h days of age and sacri~
ficed at 22 deys of age had exactly the same aversge reductsss activity as
unirradiated 22-day old rats, The rosults of these neasurements clearly
dencastrated the absence of an offect by radiation on the normal derelopuand
of reduchass activity in thz livers of young rats.

Influence of x-irradiation on the reductape activity of re renzreating

18 ZENUCLA08 aculviavy W repensrad:
rab liver, in a previous study (10) we carried out 9on? MOLOUremanbn oF e
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reductase activity of the livers of partially hepatectomized normal and ir=
radiated rats. Although the previous study was incomplete, 1%t suggested

that the reductase activity returms to normal rapldly after partial hepatecto-
ny. At the time iuntervalg after irradiation and hepatectomy for which come
parable data were obtained there was no difference in the reductase activity
of the llvers of the two groups. In the present investigation additlonsl
expariments were conducted since the need for data obtained at short intervals
after irradiation was gpparent from the previous experiments, A series of
adult, male rats was, therefore, hepatectomized, Some of the animals were
exposed to 200 r and others were used as controls. Reductase assays were
performed on the livers of groups each containing four animals at variocus
times following radiation and partial hepatectomy. The results of these
meagurements are sumarized in Table 3.

TABLE 3

Effect of XeIrradiation on the Heductase Activity of the Idvers
of Partially Henatectomized Ratas

Reductase Activity
(pem. of p-Anincbenzoic Acid/100 mgm.
of Tissue/Hour
Days After {Dose of {Days Aftexr
Hspatectomy | X«ray X=vuy Free Tobal
Average Range Average Range
1 0 vo00s 10,9 (10.6=11,1) § 26,5 | (2L4.8-28,7)
3 0 GoeeD hoh (308‘51109) 3303 (320253502)
7 0 cco0n 1108 (13&0"1256) 3801 (37011"3903)
9 ) 10,6 §{20:2=20.8) | 32,9 | (30.7=34,3)
12 0 o000 809 (8085900) 2997 (2807"3157)
3 200 r 2-1/ls 13,1 §(12.8=1h.1) { 30,7 | (27.3=32,9)
7 2C0 r 6 :ulol (1105=1,408) Bhoo (30021"37'36)
10 200 » 9 703 (6:6=T.6) | 31,8 |(28,9=35,0)

The data obtained on unirradiated rats after partial hevatectomy demon-
strated that the reductase activity approaches the normal adult level at 2L hours
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after irradiation and at thres days after hepatectomy the engyme activity
had gcompletely reached the edult level. When partially hepatectouized
animals were exposed to 200 r et 18 hours after hepatectomy, %here was no
inhibition of the enzyme activity. However, in view of the rapld rate of
return of the enzyme activity in the unormsl hepatestomised animals, the use
of young animals was superior for studying the elfects of radiaiien on the
development of thlas enzyme system.

Discussion

The present study was carried ocut to extend our previous experiments
can the effects of x-irradiastion on the develcpment of reductase aoctivity in
the livers of rats. Siuce the activibty of thiz enzyme reaches the adult
level at a younger age thau do Yhe microsoms oxidases (11), the use of rats
younger than 23 days of age was necesgsry. By the use of ll-day old rats
i% was possibls to demonatrate rather conclusively thst radiation dess nob
affect development of thls microsome enzyme system. On the other hend, pare
tially hepatectomized rats were not suitable for messuring the influence of
r=lrradistion on development of reductase activity bhecause the activity was
almost a2t the normal adulb level at ong day after partial hepatectomy.

The results of our studies on the influence of rediaticen on the de=
velopment of reductase sobdivity demonstraied that the development of this
rdleroaome enzyme system is not susceptible to inhibitdon by icnlzing redi-
ationa, It thus appears that the inhibition of a microsome cxidase as Ob-
served in other studies in this laberatory (1-5) is due to a apecific effect
by radiatlon on some step in the reaciion betuzen reduced triphosphopyridine
nucleotlde and the oxidizable substrats, The absence of effects on the re-
ductase system will serve as an aid In further research eimed at elucidating
the mechaniam of the radiation-induced defect in microsore oxidaszs.

§mmm"vh:

1, The reductase activity of the livers of normal, immature, male rats
ranging in age frow 1lh o 42 days was measurad, The results of thess
assays demonstrated that tbe ongyme activity was about 1/3 of the adult
level at 1 days of age znd it reached the adult level by 26 days of
ageo

2, Y¥aposure of li=day old rats to LOO r of weray did not inhibit the rate
of increasgs of the Jiver reductase actividy to the normal adult level.

3, The reductase activity of regenerating liver was found to be near the
neremal level at one day after psritial hepatzcetomy. The szbsence of an
apnrecilable decreaan in the enzyme activity of the liver makes the
hepetectomized rat wmsultatle for sindying the influence of radiantion
on the develemiont of this enzyme.
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PHARMACOIOGICAL AND TOXICOLOGICAL CGMPOUNDS AS PROTEC ITVE OR THERAFPEUWTIC
AGENTS AGAINST RADIATION INJURY IN EXPERIMENTAL ARTMALS

I, The Influence of Varicus Chemical Compounds on Radiation lethality
in Mice

V. Plzak, ¥, Root and J. Doull

This report concerns: The swrvival time and mortality of mals CF
mice treated with various chemical compounds immediately piicr to the adm¥<nige
tration of a lethal dose of wholeebody x-irradiation.

Immediate or ultimete soplication of the regults: To find chemical
compounds capable of reducing or preventing mortaiity ia xe-irradiated znimals
and to elucidate some of the structure-activity relaticnships within groups
of related chemiocal protective agents, Although none of the currently aveila-
ble radioprotective agsnis provide a practical solution to the problom of pre
venting acute radlation injury because of their toxiclty or relative insffective-
ness, the study of these compounds and related derivatives provides the most
logloal approach to finding campounds with an improved therapeutic index, A
better understanding of the precise structural configuration(s) responsible
for maximal protective gctivity with minimal toxicity would also be of coo-
siderable value in furthering cuvr kuowledge of the baslc mechanisms of radi-
stion damege in bilological systems.

AR A R

During the past three months 36 additicnal chemical compounds were
evaluated for protective activiiy ogailnsi the lethel effects of whole-bedy
x=irradiation in mice, Since cuwr current studies on the mechsnism of action
of PAFP and acetyl-PAPP zeem to implicate a quinoid structure as the active
metabolite responsible for the protective effect of these phenones (1), 1%
wapg of interest to test henzoguinone and hydroguinone for radioprotective ac-
tivity as well as e number of quinoline cxlde cerivatives. The present repes
algo includes results cbizined with several monomethyl and dimethyl arsonates 5
three related pyrazolidines, a thiccyclohexane, a mumber of triaszoles, and a
few aompounds which are derivatives of previously tested radioprotective cam-
pounds,

Materlals and Metheds, Adult, mele CFy Carworth Farms wmice wore om-
ployed for these studies, Thz compounds were %isaolved either in water or in
propylene glycol and wero administered intraperitcneally with the concentration
adjusted so that the snimals rcceived ne more than 1% of their body welght with
each injection, Prellminary toxicity stuiies were carried out with acch com-
pound 4o determine the maximum amount of each derivative which could be adminige
tered to the mice withoui causing mertallly duwe to the chemical toxicity,

At least two deasge levels of emch derivative were empicyed for the
radiatizn studles snd a minimum of ten wico were tested at each dosago level,

30
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The compounds were administered 15 minutes prior to the x-ray sxposure which
consisted of T00 r of whole=body x-irradisution given as a gingle exposwre.
The radiation factors were 250 KVP, 15 ma., targeteskin distance 75 am:,added
filtration 0,25 mm, copper plus 1,0 mm, aluminum; and the dose rate was LO ©
per minute as determined by means of a 100 r Victareen Ionization chamber in
al>, Control animals were given comparable amounte of the vehicle and irradi-
ated simultansously with the treated animals. The mortality in the control
and treated mice was followed dally for 30 days after the X-rgy exposwre or
until all of the animals were dead. A detailed description of the irradiation
procedure, housing and handling has been included in previous reports (2).

The USAF cods letter desigrnation aud the source of the compounds ine-
eluded in thls study are listed in Table 1. .
TABLE 1

Source and USAF Code Number of Compounds Included
in Thie Report

USAF
Designation Source of Compound

EX Eastman Kodak Company, Rochester, New York

AN Dr. R, M. Moyerman, Ansul Chemical Company, Marinette, Wisc.
8 Dr, D, T. Witlalk, Universlity of Iowa, Iowe City, Icwa

A Dr. R, Schock, Abbott Laborataries, North Chicago, Illinocia
QE Dr. M, Weiner, Geligy Cherical Corp., Ardsley, New Y=k

HL Dr. R, Bagdon, Hoffman LaRochs, Inc.; Nutley, New Jersey

s2 Dr, L, B. Achor; Sandog Pharmacsuticals, Henover, New Jerasey
ST Irs N. W, Standish, The Standard Oi1 Companyy Clsveland, Ohio

Regults

Pralimin todcity studies. In order to determine the maximum safe
dose for use in the radiation studies, it was necessary to obtain an approxi-
mate IDy, far the various campounds. Accardingly, emall groups of mice were
1n3ecte§o intraperitoneally with increasing dosage levels of each campound, and
the resulting mortality was recorded for a period of one week. The results of
these toxloity tests are shown in Table 2,

Evaluation of caompounds for radioprotective activity. Since the x-ray
doss used Tor theas studies usually produces 1003 mortality within a period of
1 days, a compound is considered to exhibit significant radioprotective activity
if it increases= the STSO by over five days c if it permits any of the treated
animals to survive for 30 days after tho x=ray exposure. The results of the
radiation studies may be seen in Table 2, Included are the name, number, and
structural formula of each of the coempounds, the vehicle used for both the tex-
ioity studies and the radioprotective studieas, the increase or descrease (in days)
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TABLE 2

Acute Intraperitoneul Toxicity and Radioprotective Activity
of Varioug Chemical Compounds in lMals CFy Mice

Toxicity Radistion Studies
Nome and Formuls of
Compound, USAF Ko, amd Vshlcle
Used for Torleodty engd Approxe Dose Change in | Mortality
Radiation Tests Llgg in L STgp in {abt 30 Days
mgo fkgmo | mgmo fkgn. ays |After X-ray
p=Benzoquinome
EK=R=220 (Hp0) 10 ® U 10/10
5=10 3 0 10/10
0 =0
Hydroguinoue
EX=356 0
35, (Ha ) o 100 =3 8/10
100200 50 0 10/10
HO@QH
o=FPherylonedianine dihydro~
chloride
EE=676 (H20)
200 -3 10/10
200-300 100 -1 10/10
7 Y Wi, °2HCL
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TABLE 2-=Continued

Toxiolty

Rediation Studies
Nowe and Formula of
Compound, USAF No, and Vehicle
Used for Toxicity and Approx. Doze Change in | Mortality
Radiation Tests Lbgg in in S’rgg in jat 30 Days
mgm?kgmo ngn, /kem, X After X-ray
r=Phenylenedisnine dihydre- '
ghloride
EK-206 (Ho0)
100 =l 9/10
NHZ 100-200 50 o 10/10
= E 0@HCL
Y Nl
2oiminosthanethiolsulfuric acid
EX=-8113 (H,0)
e 300-500 300 +3 7/10
E E 100 +3 9/10
NHZ&wQQSoSOBH
H
Para-mathexy phenol
AN=T (FQ)
200 =l 9/10
200-300 100 0 10/10
OGH3
Tetraxsthylameoniwe chlorlds
AN-8 (HEO)
745 + 2 9/i0
223\ 25 5,0 +2 10/10
o = N=C1

Cily




Table Z==Continuad

3k

o

& .
Toxieity

' Radiation Studies
Hams and Famula of '
Compowmd, USAP No, and Vehicls
Usad fLor Toxieity and AnpeoXe Boss Change in | Mortality
Radiation Tests LDgg in in ST¢g in jat 30 Days
mgmo%cgmo e Sgmo ays | After X-ray
peDinsthoscybensens
AR=9 (F0)
ane 300 =7 1020
300500 100 +1 8/10
i
t
Dipodiun mabhancarsonats 6H0
=10 (#,0)
2 " 1000 1000 - 10/10
0 ¢ 500 = 2 8/10
T im&
H.CAg* °65120
3 Y P
Calclium mothana rsonsheo
AN=11 (H,0)
% 200 300 =3 10/10
cg L0 < 100 +1 10/10
3 N
CHjhe” Ca
\OJ‘
Magnesium czcodylate
AN=12 (H,0)
o ey Sm = h 10/10
Ecﬁ3 0 500-1000 200 -3 10/10
NAg=0] <Mg
ECHB/
- “&)2
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TABLE ZeoConbinued

b

Radiation Studiss

2 Toxdeity
Neme and Formula of
Compound, USAF Wo, and Vehicle
Used for Toxicity and Approxo Doze Change in | HMortality
Radiation Tests IDg in in S'.i.‘go in [at 30 Days
mgrL. S kems | mgmo fkems ays | After Ye-vay
HMagnesium nsthanoarsonate
AN=13 (4,0)
& %1000 1000 ] 10/10
(% 0 500 w1 10/10
AN .
CH,AB "Mg °3HLO
38 Oi‘*lg 3Hy
;
Scdlun cacodylate 3
Al= H,0
1 ¢ 2 ) % 1000 000 5 10/10
O § = 500 ok 10/10
CHy 1)
3>Zs~»€?ﬂa '
cH !
?
Dipotassium methanearsonats i‘l
=15 (H0) 3
o § 500 =% 1 10/10
0 ox SC0=1002 | 200 -1 { 1000
CHBEBI '
N 0-K {
'
Monosmmoniwm mathazsersconate f;
AN=16 (Hp0)
Ctoc | 1000 | -3 10/10
9 o, » 1000 00 ;-3 10/10
CHBAI!
N oo !
Honothicsurccininide :
WI-1 (FG) o 100 + 3 6/10
— 309-200 50 +10 6/10
o‘:*; =8
N




36

TAPLE 2-=Continued

Toxielty Radiation Studies
Name and Formula of
Compoundy USAF No, snd Vehicle :
Uaed far Teedelty and Approx. Dose Change in | Mortality
Radiation Tests IDgq in in STgg in | at 30 Days
mems [ kg, | memo/kemo ays | After X-ray
l=Methyl=p-amincethylthicazo~
cyclohexane
' 200 -h 10/10
425318 (H,0) - 200-300 100 0 10/10
Oy = @nsmigcagngorm
1,2=Diphenyleli{2t-phonyleulfine
ethyl)-3,5-pyrazolidinedione
(Anturane)
0B~13 (PG)
100 0 8/10
=200
g 100-2 50 -2 9/10
f eors 0
e Nowre € i
@}- \CHGHZCH2=-S
= e P
N
3 s5=Diaxo=lephenyl=2«p=hydraxy-
phenylekensbutyl pyraszolidene
(Tandearil)
GE=1 (FG)
100200 100 -2 10/10
0
CH4 CH,CH,CHy 5 0 9/10




37

TABIE 2«-Continued

. Toxicity Radlation Studies
Name and formulia of
Compound, USAF No. and Vehicle
Used for Taxicity and Appraox. Dose Change in | Mortality
Radiation Tests LD in in STgo in | at 30 Days
mgm%%:gno mgm. fkgm. gays After X-ray
3,5=Diaxo=1,;2=diphenyl=l=n=butyl-
pyrazolidene (Butazolidene)
QE=15 (FO)
100 -5 9/20
cH3cu2cuch2~c", c':
GE-16 (29436) (Pa) 100 y+ 18 2/10
100 * L 6/10
GB-17 (37665) (ra) 100200 50 .7 5110
100 -6 10/10
GE-18 (37367) (rG) . 100-200 %0 Y 10720
200 - 2 9/10
GE~19 (29132) (FG) 200=300 100 +1 8710
100 -1 10/10
(E«20 (37640) (Fd) 100-~200 50 i 9/10
, 100 -2 9/10
100 0 10/10
GE=22 (HE=TlL) (PG) 200 50 -3 9/10
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TABIE 2-~Continued

Toxicity Radiation Studiss
Neme and Formula of
Compound, USAF No. and Vehicle

Uged fer Todcity and Approx, Dose Change in | Mortality
Radiation Tests o in in S‘J.'go in {at 30 Days
mgm./kemo | mgm./kgn.o ays | After X-ray

; 300 -2 9/10

GE=23 (HE-101) (FG) 300=5C0 J00 518 i10

o 300 =}y 10/10

" 300 -3 10/10

GE=-25 (HE=TL9) (FQ) 300-500 100 + 3 8/10

. 200 -3 10/10

GE=26 (HE=750) (FG) 200=300 100 + 1 7,10

100 0 10/10

HI~k1 (2-5311) (=6) 100-200 £0 -2 10/10

200 -6 10/10

HI~4O (2-7561) (FG) 200=300 100 o1 10/10

o 100 3 10/10

52«5 (Fa) 100=200 £0 -k 10/10

ST-15 (2092-2) (PG) 50-100 50 - & 9/10

25 -1 9/10

g ) 200 +13 5/10

ST=16 (20925) (FG) 200-300 100 .3 &0
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in the S‘l‘gg of the treated mice in comparison with that of the simulvanesusly
irradiated controls and vhs mortaelily ab 30 days afber the x-ray exposurs,

RBengoyulnone and hydroguluone repesend respectively ths oxidized and
reduced formg of tho same compownd, ond sinse it sesums likely from our current
atudies with FAPP mnd acetyl-PATP that n guinoid gbructure mey bs the intsrmedi.
ate metabolite responzlible for the formation of mesthemoglobin after the sdminise
tration ef ¢hese compownds, it was of interest to test benzcguinone and hydre-
quinone to mea whether thsy exhibited any redicprotestive astivity. The latter
compound (EK=356), when edministersd sb a doze of 100 mgm./fkgm., permitted 203
of the mioe te swvive the J0-day poatirradistion peried. Decreasing the doso
to 50 mgm./kem. eliminsted the protective effect. Figure 1 shows this offect
of hydrcguinone on the mortallty of mice. In the same figure is showm the pro-
tection resulting from the use of 2-amincsthanethivlsuifuric acid (EX-8413)
prior to a lethal x-ray exposure. At a dose of 300 mgm./kgm. 30% of the mice
supvived for 30 days, while at a doze of 100 mgmo/kgn. 10% of the mice were
protected for the same pericd of time. The 8Tgg in both lmstances wae in-
creased by thres days, Two mathoxypienal derivatives ware alse studied.

When p=methoxyphenol (AN-7) was sdwinistered at a dose of 200 mgm./kgmo, it
afforded only minimal protection (104 of the mice surviving for 30 dayss 9

while p=methouy benzens (AN-9) at a dose of 100 mgmo./kgm. protécted 20% of

the mice for tho same pericd of wime, Thess resulis may be seen in Flgure 2.
Several aliphatic compounds; moaomethyl amd dimethyl arsonates and tetramethyl-
ammonium chleride, ware included in these tests. Of these the labtter, when
given at a dese of 7.5 mm./kgm,, was slightly protective ss evidenced by &
10% survival of mice for 30 days snd discdium methanearsonate {AN=20) protected
20% of the mice a® a dosege level of 500 mom.fkem, Figuvre 2 shous the pros
teation afforded by AN-10,

Monothiosuccinimlde (Wi-1) was administered at dosage levels of 100
meme fkgm, end 50 mgm.fkgms and found to be effective at beth doses in protecting
mice for 30 days after a lethal expoaure {0 z=ray. Forty psr cent of the animals
survived 1n both instances, but at the lower level the STy, was increased by 10
days over that of the simultaneously xelirradiated conixrols, whereas at the higher
level it was Incrensed by only threc days. Monothlosuccinimide hydrolyres to
form HpS and succinidde (3) and the mechanism of the protective action of this

compound is presumsbly related to thisz chemical degradation, Figure 3 shows the
vrotective offcet of WIs1,

Three pyrazolidenes (GE-13, GE-ili, GE-15), all diphenyl derivatives and
all equally toxic, were evaluated. Minimal radioprotective effects were evident
when 2 dogege level of 50 mgm./kgm. of these compounds was employed with 10% of
‘the mice so pretreated swrviving for 30 days after the otherwise lethsl x=ray
axposure, In addition, when the pheaylasulfinethyl derivative (GE~13) was given
ab a dosage level of 100 mgn./kgm., 20% of the animals survived for 30 days.
Figure 3 shous the radioprotective effact of GE-13.

Eleven more compoundsy; thz names and structures of which are not yob
roleased; ware alsc evalusted and of these six were significaatly proteetive
(203 or more 30~day survivors), and ¢three exhibited minimal protection (103
survival for the 3C=day postirrsdiation pariod). Flgwe L shows the protestion
afforded by ¢he preeirradiation administration of 100 mgm./kgme. and 50 mgm, /kginn
of GE=16 znd that afforded by 160 mym~/kom. and 50 mgm./kem, of GE-17, The
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30eday survival was 80% and LOJ respectively for the mice given GE-16, while
k0% and 50% reapectively of the mics given GE-17 swrvived for 30 days.
Figure 5 shows the 30-day survival data for compounds GE-19 and GE<23 whera
100 mgm./kgm. of GE-19 permitted 203 of the mice to live for 30 days poste
irradiation and GE-23 pormitted 603 to survive ai the sems dosage level.
Aftar 200 mgm./kgm. of GE~19, the percentage of swrvivers was only 107 and
300 mgm./kgm. of OE-23 reduced the protection of that compound o the same
level., GE=20, (=21, and GE=22 protecied only 103 of the mice from an other-
wise lethal expeaure of whole body x-irradiation. When (E=25 and GE-26 were
administered at 100 mgm./kem., 203 snd 303 respsctively of the animals sure
vived the 30-day period after xe-ray. In both instances a higher dose eradi-
cated the protective effects as can be sezn in Figure 6.

Five mors derivatives of compounds found previously to exhiblt varying -
dogirees of radioprotectivity were included of which only two proved to have
any value as radioprotective agents. ST=-15 protectéd only 107 of the mice
from lethality, but ST-16 was more effective as can be seen in Figure 7. At a
doge of 200 mgm./kem. 508 of the mics survived for 30 days post~irradiation and
at a dose of 100 mgmofkgm. 404 survived. At the higher level the ST, was also
increased by 13 dgys over that of the control mice simultaneously irfadiated.

Surmacy

Thirtyesix new compounds have been eveluated for protective activity
against radiation lethality in CFy male mice, Of these 13 were significanily
protective in that they permdited 208 or more of the animals to swvive an
otherwise lathal dose of whole-hody x-irradiation. Nine additional compounds
protected 10% of the mice for 30 days or more. The best protection was obe
tained with GE=16 where 30% and 40% respectively of the mice pretreated with
two dosage levels of this compownd survived for 30 days after the radiation
exposure. GE=23 protected 605 at ons dosage level and 103 at the other doge
employed, whereas (GE~-17 allowed LO%Z and 50% of the animals to live for 30 days
after x-rgy, ST-16, ancther compound for which a release has not yet been ob-
Yained, protacted 508 and 40% of the mice at the two dosage levels, Wi-l,
moncthiosuceinimide, was equally protective at both of the domes used, pro-
tecting 404 of the animals from lethality. The two compounds which protected
303 of the mice were GE-26 and EX-8413 (2-aminosthanethiolsulfuric acid), The
remaining six significant protectarz permitted survival of 204 of the mice,
They included: 'EK=356, hydroquinone; -9, pedimsthoxy benzenes AN-10, disodium
methanearsonates GE-13, 1,2-diphenyl=4(2¢~phenylzulfinethyl)«3,5-pyrazolidine=
dione; OE-253 and GE-19. Ten per cent of the mics treated with the following
compounds also survived far 30 days after irradiationt FEK-206, me-phenylenedi-
smine dihydrochlorides AN<7, p-methoxy phencl; AN-8, tetramethylamonium
chlorides GE-lli, 3,5-dioxo-lephenyle2-p<hydroxyphenyl-k-n=butyl pyrazolidene
BE-J]l:ga 3y5«dioxo-1,2=-diphenyl-l-n-butyl pyrasolidene; GE-20; GE~21l; GE=-22; and
ST=15,
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PHARMACOLOGICAL AN TOXICOLOGICAL CQMPOUNDS AS FROTECTIVE COR THERAPEUTIC
AGENTS AGAINST RADIATION INJURY IN EXPERIMENTAL ANIMALS

II. The Effect of Post-~Irradistion Administration of Sodium Sulfita
and Other Gompounds on Radiation Lethality in Female Mice

Jd, Dilley and Jo Doull

This report concerns: The swrvival time and mortalily in female CFy
mice treated therapeutically with 2=imincethiazolidineel=carboxylic acid,
sodiun sulfite, &nd sodium sulfite plus l=cystelune after exposure to lethal

doses of wheleebedy xeirradiation.

Imnediate or ultimate applicatlon of the results: To find compounds
capable of redueing radiztion AnJury when given aiter radiation exposure. In
previous studies deslgned to investigate the mechanism(s) responzible for the
radloprotective effect of cyanide arnd related nitrlles, it was observed that
cyanide and one of 1ts mstabolites (2«imlnoethiazolidine<lecarboxylic acid)
exhiblted therapewntic as well as prophylactic effects against radiation
lethality in mice. Although the poste-irradlation protective effect of cyanids
is slight and that of the metabolite is only moderate, further studles on these
and related compounds ave indicated because of the lack of apents exhibiting
this ability, The development of radioprotective apents which are effective
when given after radiation expesure offars in addition to the practical valus,

a means for increasing owr understanding of radlation injury and its prevention
and treatment.

R G

In previous studies (1,2) we demonstrated that the administration of
2-imino=thiazolidine~li=carboxylic acid at 30 minutes after wholeebody x-ray
exposure will significantly reduce the 3C-day mortality in CFq female mice,
The 2-imino-thiazolidine=h=carboxylic acid usnd for thase studies was an ime
pure preparation obbained by mixdng cyanide and lecyatine in a 1 to 2 molar
ratio, From additional studies (3) it seems unlikely that the therapeutic
affeot of this preparation againgt radistion lethality is due to the orlginal
reactants or to other possible reasotion products. If the protzctive effect is
due to the thiesolidine darivativs, campounds which aét ab similar sites in
the biclogicel system might also be expected to exert therapeutic effecta
againat radlation lethality in mioe. The present report contains the results
of studies in which sodium sulfite glone and in combination with i=cystine was
administered to female mice at 30 minutes after they were given whole<body
X=I'ay eXposures,

Materials and Methods. Adult, female Carworth Farms C%y mice weighing
botwsen 20 and 25 grams were ugsed for these studies., The comtrGl and experi-
mental groups were selected from single shipments, housed in groups of not mare
thon elzht animals per cage in an aireconditioned room (8¢° F. £ 3° F.) mnd

L9
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given food (Rockland Laboratcry Chow) and water sd ldbitum. Aqueous so=
lutions of vhe compounds were freshly prepared just prior to their use aud
wers injected intraperitonsally in a volume which did nob exceed 1% of the
body welght of the mice, .

The x-ray exposures ware given by means of a Kelekel Xeray Thersaoy
Unit which wes operated at 250 KVP end 15 ma, with 1.0 mm. of aluminum, 0,25
m, of copper and 1.0 cm. of luclte added filtrations The dose rate was de-
ternined vrior to each xeray expomure by mesns of a 250 r Victoreen Ioni=
zation Thimble in alr. In order that the xeray exposure time would be as
short as possible, tho exposure cage was placed as clogse to the xeray tube
ag was possible withoul remcving the tube shleld. Under these conditions
the target-skin distance is about 25 om. and the dose rate is about 235 r
per minute, Both the control and experimental groups of mice were irradiated
simultanecualy and the weight and mortelity in each group recorded dally for
30 agsya af'ter the xeray exposurs or until all of the mice in each group wore
ead,

Besultg

Determination of the toxic dose of sodium sulfite in CFy female mice.
Fresh agueous soinilons of snhydirous sodium swlfile (UP, Jdo Po Baker Chemical
Gooy Philaedelphia, Pa.) were prepared and injected intraperit-meally into
groups of five female CFy mice ab each dose level, The sclutions were pre-
pared so thal the total volume injected into each animal did not exceed 1% of
the body welght. Mortality cbaervations made daily for a perlod of ten days
indicated that the approximate gy for sodium sulfite given Iatraparitoneally
to CFq female mice 18 aboub 900 mgm./kgms

Survival time and 3C-day mortality in CPy female miecs given sodium
sulfite wI¥h or without cystine and a partially purilied praparation of
5aiﬁn0cthiazclidineeﬂncarboxylic acld at 30 minutes after whole~body Xoray
8XpOSUres. Since 2eimincsthiazollidine-lwecarboxylic acld and s2lfite ions
underge many simllar reactions with eyanide including an analogorus reaction
with cystine (L), it wes of interest, 4o determine whether sulfite would ex-
hibit therapeutic effects when given to x-=rayed mice. In previous studies
the maximunm therapeutic effeet with 2eimino-thiazolidine-li-cerboxylic acid
was obtalned when this compound was givea at 30 minutes after the x-ray exe
posure and a similar Intervel was, therefore, selected for the present studles
with sodiunm sulfite, Six groups esch of which contained 15 female CP, wice
were used for these gtudies, Two of these groups were given sodium a;.'ﬂ.t‘i'ba
(300 mgm,/kgm, intraperitoneally) at 30 minutes after the end of the x-ray
exnosure (600 » whole=body). One group was given 500 mgn./kgm, of Z-iminc-
thiazolidine-k-carboxylic acid at 30 minutes after exposure and the fourth
group was given 750 mgm,fkgm. of the thiazolidine derivative, The f£ifth group
of 16 mice was given sodium sul?ite {300 mgm./kgm, intraperitonzally) nlug
l-cystine (500 mgm./kgn. intraporitoneally), and the sixth group was given
comparable smounts of distilied water (controis), The thiagolidine derivative
uged for these ntudles was prepared and psrifally purified using the mathod
of Schoberl and Hamm (5) except that the treatment with copper was replaced
by treatment with HpS to remove excessive lead. Using this modificatiom it
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wags possible to obtain colorless needle crystals and a light brown granular

material which was about B0 soluble in water, A filtered solution of the

granulser mgterial was used for the present studies in which the conecentration
of the solution was adjusted so that the animals received about 500 mgm./kemo
of the thisazolidine derivative. The sodium sulfite-cystine solution was pre-
pared by dissolving the cystine in a dilute alkaline solution and adding the
sodium sulfite. The solution developed a slightly bluish hue which soon dig-
appeared after which the solutlon was administered to the irradlated animals.

The results of these studies are summarized in Figure 1. Fifty per
cent of the mice treated with the large dose of the thiazolidine derivative
(750 mgm./kgn.) survived far 30 days alter the x=ray exposure whereas only
25% of the animals given 500 mgm./kgm. of this compound were alive at this
tims. Eight of the animals in one of the sodium sulfite=treated groups wers
surviving at the end of the 30=day observation period but there were only
three survivors in the other group so that the combined survival in the mice
treated with sodium sulfite was about 3% (11 out of 32), Three of the 16
mice given water after the x=ray exposure (controls) also survived for 30 days
and there was one animal surviving which had been given sodium sulfite plus
cystine, It is evident that godium sulfite is less effective than the thiae
zolidine derivative as a therapeutic radiovrotective agent when given at 300
mgn./kemo, Additional studies are in trogress to determine whether the therae
peutic effects of sodium sulfite are improved when this agent is given at
different time intervals and to determine whether increasing the dose of
scdium sulfite increases the theraveutic effect. The lack of effect when
the sodium sulfite is given in combination with cystine is of considerabls
interest since cystine alone does not markedly alter the 30-day survival of
x=irradiated snimals (3).

Discusaion

The demonstration of a signiflcant protective effect following the
post=irradiation administration of sodium sulfite to xerayed CFy female mice
is of interest in view of our previous findings concerning the Therapeutio
effectiveness of a natursl metabolite of cyanide, 2-imino-thiazolidine-~
kecarboxylic acid. Both sulfite and cyanide are known to exert an inhibitory
effect on several porphyrinecontaining enzymes including the cytochromes,
catalases and peroxldases as well as hemoglobin. In many cases this inhibi-
tory aotivity is readily reversible if cystine is given at the same time or
immediately afterward. The fact that in these series of experiments we were
able to aholish the protective effects of sodium sulfite by giving cystine at
the same time sugrests that these particular enzyme systems may be target
nolecules for damage produced by irradiation. This effect is probably net
geen with cyanlde since it reacts dircctly with cystine very ouickly, even
at room temperatwre, While sulfite ion wmdergoes an analogous reazction it
takes place much slower,

Recently McLeod et al, (6) have described a microsomal, substrate=
snecifle enzyme which they named sulfite oxidase., This is a hemoprotcin
wvhese adsorntion sovectrum in the reduced form resembles that of cytochrane bSQ
They found that a variety of molecules including oxyreng cytochrome ¢, and
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mothylene blus will act as electron acceptars for the reduced enzyme. Ths
reaction which they used to measure the sngyme activity is as folleows:

= ow o3
803 + Hy0 + 2 ferricytochrame ¢ am}ssoh + 2H + 2 ferrocytochrome ¢

Previous studies in this lsboratory by Sandberg end Doull (7) have shown
that the cytochrome system is slightly inhibited by a single lethal exposure
to irradiation in the intact mouse and further studies sre plamned to see if
this effect can be prevented by therapeutic treatment with sulfite,

In addition to the above consideration for the possible mechaniam
of protection with sulfite, it is of interest to look at its reactions witvh
the molezcules which contaln disulfide bridges essential for biological age
tivity. Baily and Cole (B8) have studied some of these asctions in cystine,
insulin, trypsgin, chymotrypsin, and glutathione and have proposed the follow=
ing general type rsactiont

- - <
QF" t) TR [+ My wﬂ
R FSHR + So3 = R 5-50; + Rno

If disulfide bridges are formed by ionizing radlations as indlcated by Barrcm
(9), then the presence of sulfite may be an important factor in the preser-
vation of certain enzyme systemz in thelr active ptate, Since cyanide has
bsen shown to undergo a similar type reaction (10), further studies of this
reaction in normal and X-rayed animals are indicated, Although sulfite was
less effective in the present study in preventing radiation lethality in
mice than the thiazolidine derivative, it im a more useful agent for investi-
gating such effects since it ia easier to obtein, pwrify, and administer and
its reactions are bstter understood then those of the thiazolidine derivative
of ocyanids. It is planned; therafcre, to extend the present investigation
with sulfite to determine the optimal time and dosage lsvel for this sgent
and ‘o compare its effectiveness against a spectrum of radiation doses,

Summary

The posteirradiation adminigtration of sodium sulfite at & dosage
level equivalent to about one-third of the for this agent has bsen shoun
to significantly increass the number of animais (GF female mice) surviving
at 30 days after 600 r of whole=hody xeirradiatime Coaparison of the there-
peutic effectivenass of sodlum sulfite with 2-imdnc=thiazclidine=L-carboxylic
acid indicated that on a molar basis, but not on a mgm./kgm. baais, sod{um sule
fite is somewhat more effective in mreventing radiation lethality in mice. The
therapeutic effect of sodium sulfite in x-rayed mice can be eliminafed by the
simultaneous administration of cystine,
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PHARMACOLOGICAL AND TOXICOLOGYCAL COMPOUNDS AS FROTECTIVE OR THERAPEUTIC
AGENTS AGAINST RADIATION INSURY IN EXPERIMENTAL ANTMALS

IXY, Motebolimm and Excretion of peAmdnopropiophencne in ¥ice

Jd. Doull end V., Plsak

This report concerna: Meagurement of peaninopropiophenons (PAFP) and
ita acetyl derivative (acelyl PAPP) in the blood and urine of GFl female micae,
the conversion of PAPP into a methemoglobinwproducing substance and the de-
tection of this substsnce in the wrine of mice given various dosage levels of
PAPP-or acetyl PAPP,

Immediate or ultimate application of the results: These studies consti-
tute part of a rrogram designed 4o obivain information concerning the toxic and
radioprotective effects of the currently available chemical radicprovestive
agents. Slnce the radicprotective effecta of peaminopropiophenone sre thought
to bte due to the production of enostle in radiosengltive tissuewm end this effect
is attributed to the methemoglobin-producing ability of PAPP, it is of interest
to investigate the factors involvsd in the PAPP-induced methemoglobinemia to dew
termine whether they can be correlated with its radioprotective activity,

LU L L A

In previous studies (1,2) we have inveastigated the todeity and radiow
protective effectms of PAPP and its acetyl derivative in male end female mice
and rats, Although the toxicity of PAPP %o male rats and mice is simllar, fe-
male mlce are more resgistant and female rats are more susceptible to the taxic
effects of this agent than males, The toxic effects of PAPP are not directly
related to the redicprotective activity of this compound since both male and
female rats and mice exhibit comparable protective effects when glven the same
dose of PAFP pricr to whole=body x<ray exposure, Furthermore, the radiopro-
tective activity of bobth PAPP and acelyl PAPP appears to be relatively inde-
pendent of the administered dosags level previding the threshold is excesded.
In view of these findings, it was of interest to determine whather the teoxic
or the radioprotestive effects of PAPP {or perhaps both effects) cen be carre=-
lated with the ability of this agent to produce msthemoglobinemia in rats and
mice, Both PAPP and acetyl PAPP produce delayed toxlc effects in rats and mice
and it is difficult to atiribute these effects to the transient methemoglobinemia
rroduced by these compounda, However, animals which are itreated with either
compound freguently dle when placed under conditions which increase their
respiratory needs (hypoxiay increased environmental temperature, etc.) suggeste
ing that the methemoglobin-induced anoxia of FAPP iz responsible for ths acute
toxic effects of this agent. Similarly, the radioprotective effects of these
agents do not correlate well with thelr methemoglobine«producing effects, Al-
though the time of onset of the methemoglobinemia and radioprotective effect is
similar in mice given PAPP, the mrotective effect precedes the methemoglobinemia
in mice treated with acetyl PAPP, The duration of the methemoglobinemia int
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PAPP=lpented mice 1is also much Jonger {three to four hours) than the protestive
effect in these anlmsls {less than one hour) vhereas the duration of the twe
effects is more closely correlated in mice given acetyl PAPP, Methylens blus
which reduces methemoglobin formation in both rats and wlee also decreeses
radioprotective effeots bub high pressurs oxygen exposure which incrsases
methemoglobinenis eliminates the radloprotective effects of the sgenta.

In aiditional gbudies we have also demonstrated that both PAPP and
acebyl PAPP must wmdergo an in vivo conversion gince neither agent converis
newoglobin to methemoglobin In vitvp. This coaversion oocurs primarily in the
kidneys alshough other tisgues (Liver, spleen, heart) ars capabls of ccnverting
PAPP lnto the msthemoglobineproduoling zgeut. It was of interest, therefore, te
determine whebher the metaemogiobin-preducing substance sould bse detected in the
wrine and whetier the uringry lsvel could be related to the wrinary or blood
levels of PAFP. 1t wag also of iwnbterest to follow the urinary excretion of PAPP
and %o deterulas whether this gpeat iz acetylated prior to excretlon.

¥abarlels and Msthodn, Adult, fomalc Cavworth Farmg CF; micse welghing
betweon L0 and 22 grams were omployed fov thess studies. The animels were given
food (Rocklend Laboratory Foed) and water ad 1ibitum prior to the urine cole
lectlon pericds bubt were given enly water during one 2lehowr poriod in whick
they were in the weine collestion apparatus. The animsls were caged in groups
of ten mice during tho urine collestion pericd and the urins was collected houre
1y ueing a frastion colloctor. The solubions of PAPP and acetyl FPAPP wers pree
pared freshly using propylens glycol ag the vehicle and were given intraperito-
neally inmediately pricr to the urine collecidion pericds. The coencentration of
the injeotion solutions was adjvmsted s that uone of the mice wsre given over
1% of thedr pody welght. The ecntrol yroups of mice wers given comparable
ancunts of propylene glycola

The wine samplesg were sssayed for methemoglobineproducing avbshance by
adding 025 %0 1.5 mlo of urine to 9.2 uml, of freshly=drawa mouse blood, incus
bating for 30 minubtes and then determining the conversioa of hemoglobin to
mothemoglobin using the Evalyn Nalloy method {3). The Bratton-Marshell method
for sulfanilemides (L) was uscd to determine the wrinary content of PAPP and its
acetyl derivative., Since this mathod dep=nds on the diazotization of a free
emine group on g benzens rings 1% scexmsd likely that it might be satlsfactory
for the mzagawenend of both PAPF tnd scsiyl PAPP,

Rowalts

Evalustion of the Bratton-llersghall sulfanilamide methed for the measure-
ment of PAPP 8nd acobyl PAPP im Ghe blood and Wrans of GF. female mice. 10 dee
termine whather Uhe Bratipneiavehall m:thod wuould be auiveble Lo iuvestigating
the distribution and excretvion of PAPE. 1% was uneceasary to determins firet
vhether any medification of ths mothod was requived and second to determine tho
sengliivity of tho methed fer PAPP, Standard solubions contalning 1 mg, of PAFP
or acatyl PAPP were prepaved in S04 propylems giveol and furthar dilubsd with
vater ¢o obtaln concentrations of 10 ¢o 1C0 gemia of cach agent per xl, Analy-
eig of thase solutions using the Bratton-iiarshall method indicatsd that g iinear
reoppenss could be obtained within the concenwation rangs of L thwouzh 25 gaxma
uging a wave length of 540 rp. Tha color which developed with PAPP was more
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purple than that which iz seen with the sulfavilemides but the use of filters
having wave lengths of about 510 ma ar 560 mp did not markedly improve either
the sensitivity car the range of the method. The acetyl derivative of PAPP
gave no golor when treated in the aame manner as PAPP but acidification and
boiling of %4he standard solution for one hour to convert the scetyl derivative
t0 the free amine permitted the messurement of the acetyl derivative without
significant loas. Slandard solutions of zcetyl PAPP which were permitbed %o
stand for periods of 24 to 96 hours prior to analysis were found to exhibit
some hydrolysis (10% to 25% in 2L houre) indicating that fresh standsrds of
thls agent must be prepared dally for use with this method. Wheun PAPP was
added to mouze urine or blood at concentrations of between 10 and 1,000 gama/
mlog it was possible to detect betwesn 96% and 1024 of the agent following re=
moval of the proteins with 3% trichloracetlc acid, It is apparent from these
studies that the Bratton-Marshall method is suitable far the anslysis of PAPP
end its acotyl derivative in the urine and blood of mice. However, since the
method is specific only for the amino group of PAPP; it dees nobt provide iufope
matioa concerning metabolle changes in the rest of the molecule, Additicnal
studies are in progreas to develop anslytical prosedures which can be used to
follow the changes in the phenone porticn of PAPP and ite acetyl derivative,

Upingry excretion of . PAPP and acetyl PAPP in CF, femcle mlge, Six
groups of (P, fomale mice, each of whiol contained tem enimals, were used for
theso studies, Three of the groups were given 10, 20, or 30 mgm./kgm. of PAPP
intraperitonsally and the remaining thres groups wero given 10, 30, or 60 mgm./
kgm, of acetyl PAFP by the same route. The mice used for these studies welghed
aboub 20 grams and they were each given 0,1 ml, of ths injectlon soluticna which
contained 2, b, or 6 mgmo of PAPP/al, or 2, 6, or 12 mgm, of scetyl PAPP/ml, in
propylens glycol, Afcer the mice were injected, they were immedistely plsced in
a metabolisnm cage (at sbout 9300 A.M,) and the urine collected fer a peried of
2 hours, Although the urdne samples were taken hourly, many of ths samples
wWere pooled because of the amall volume of urine produced and the results shown
in Tabls 1 are for pooled samples sovering the periods of 0 to 6, 6 to 12, and
12 to 24 hours, The samples were snalyzed for free PAPP using the Bratione
Marshall mathod described in the previous gection and for bound ar asslylatsd
PAPP by the acidification and heating method described for the enalyais of
acetylated sulfonamldes.

During the first few hours after the administration of either PAPP or
acatyl PAPP, the mice vere depressed and thelr urine production was emall. The
urine outpub was greatest during the 12 to 2h-hour period after the adminige
tration of the PAPP or acetyl PAPP, However, in all of the studies; thls period
occurred during the night when the animale are normally active, Nelther the
PAPP nor the scetyl PAPP appeared to markedly decrease the 2hehouwr urinary ocute
put gince two groups of controb mice, glven comparable amcuhts of propylene
glyool only, had 2h=howr urinary outputs of 1L.8 ml. and 17.1 ml. respectively.

The results of the PAPP and acetyl PAPP determinations in the urine
sarples of these animals are summarizsd in Table 1. It is evident that the exe-
cretion of PAPP is greatest Guring the first six hours after the agents are ade
ministered. In several of the expsriments in which it was possible to obtain
urine samples at more frequent intervals during this first 6ehour period, the
greatest excretion of PAPP was observed during the 2 to l=hour pericd at which
time most of the mlce wers boginning to recover from the depressant effects of
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TABLE 1

Urinary Excretion of PAPP and Acebyl PAPP
in CFy Female Mice

Urinary Recovery
Administored Hours of Urins | Uvine Volumo (ugmo of PAFF)
Doge in mgn./legn. Collection in mlo
20 Bound Total
04 6 2.8 o8 630 788
10 of PAPP

6 wo 2l 10,0 127 168 295
0 %o b 1.5 3¢l 668 972
20 of PAPP 6 to 12 3.1 123 | 137 260
12 %o 2h 7.3 181 83 264
0 %06 307 482 982 1h2h
30 of PAP 6 o 12 0.7 148 97 1 2hs
12 to 24 10,5 173 130 303
10 of Acetyl 0 to 6 2,0 38 487 525
PAPP 6 to 2 Thol 150 | 108 302
0 %o b 2.3 137 801 938
30 2F hostyl 6 o 12 2,8 1o | 152 | o2
12 to 2 13.4 209 88 297
0 to 6 4,8 587 2128 2715
éopﬁgpma"’yl 6 %o 12 0.9 53 196 2h9
12 o 24 6.5 275 205 c80
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the agents., In these studles the injectlon solutlons wers also used to prepare
the ptandard solutions for the Bratton-Marahall method so that the resovery of
injectsd PAPP or acetyl PAPP could be determined for each exoretion group. The
total recovery of the injected PAPP in the 2l<hour period was 54,24 feor the
group given 10 mgmo of PAPP/kem. end was 37.4% and 32,8% for the groups given
20 and 30 mgm, of PAPP/kgm. respectively. If the acetyl PAPP rssulis are core
rected for the difference in molecular weight (192 grams acetyl PAPP equivalent
to 149 grams of PAPP) then the total wrinary recovery of scetyl PAPP in the
three groups was 53.0%, 32.2%, and 37.9% in the wice receiving 10, 30 and 60
mgm, acetyl PAPP/kgm. respsctively. Thus it is apparent that the most complete
recovery of the injected agent is attained when low dosage levels azre given,
However, even in this siiuation almost half of the administered material iz nob
eaogounted for by urlnary excretion slone.

A comparisen of the free and bound (acetylated) urinery content of PAPP
indicatea that, in the PAPP=treated mice, during the early period most of the
PAPP is excroted in the bound or asetylated form (abouvt 75%) wherezs during the
later pariods there is more free PAPP in the wrine than acetylsted PAPP., The

. same pattern can be observed in the animals given acetyl PAFP. The deteotion of
free PAFP in the urine of the mice given acetyl PAPP 1s of comsiderable interest
since it indlcates that the acetyl PAPP is de-acetylated in vivo in wmice. It is
evident, therefore, that both PAPP and its ascetyl derivative are excreted in the
free and howd forms.

Couveraion of PAPP and acetyl PAPP into a methemoglobineproducing sub=
stance and 1ts subgequent exoretion in the urine cof CP; femsle ulce., Preliminary
studiea wers carried out to devermine whether a methemoglobineproducing substance
counld be detected in the wrine of female mice glven elther PAPP or agetyl PAPP,
For these studies a 2L-~howr wrine pample was collected from groups of ten animals
which had received PAPP (30 mgm./kgm. intraparitoneally) or acetyl PAPP (100
mgm. /kgm, intraperitoneally) and from a ghoup of control animals which had been
given comparable amounts of prepylene glycol, Veariocus amounts of the undiluted
urine samples were added to 0.2 ml, of freshly drawn mouse blocd and afier &
60-minute incubation period, the mixture was snalysed for conversion of the
hemoplobin to methemoglobin, The results of these studios sre gummarised im
Tahle 2 where it dan be seen that the per cent conversion of hemoglobin to
methemoglobin sppeared to be related to the amcunt of wine added aund that the
control wine did not cause appreciable methemoglobin formstion. An additional
pample of the conirel wrine to which PAPP had bsen added (1 mgm./ml,) was alaso
incubated with mouse blood and since thers was no methemoglobin formation in
this sample, it 18 evident tha® the conversion of PAFP jnto the methemoglobin-
producing substance does not occur in vitro in urine, ‘It was of interest to
determine whother the methenoglobin-producing substance presert: in the urine
was stable and for these studles the urine samples used for the above studies
wre permitted §0 stand for periods or 2y or 40 hours (in a refrigerator) after
witich they were retested for mebthenogiovineproducing ability. 7The results of
thesge studiss are also shown in Table 2 where it can be seen that there was
only a small decrease in the methemoglcbineproducing ability of the urina
during the twoeday period. It ia evident, therefore, that the methenoglobine
producing subgtance widch is formed when mice are given either PAPP or acetyl
PAPP ig excreted in the urine and that the substance is relatively stable when
kept cold, Additional studies are in progress to determine whether hcat, pH
and other factors influence the ststdiiity of this material and 4o determine
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TARIE 2

Studies on the Methemogiobine=Producing Ability of Urine
from CFy Female Mice Given PAPP, Acetyl PATP or .

Propylene Glycol (Controls)

Incubation Mixture

Per Cent Conversion of

Socurce of Urine Hemoglobin to
Ugpine Water Blood Methemoglobin
MiLs ml. mle
0,5 1.3 0.2 2.1
10 mice given propylens
Zlycol 1.9 0.8 0.2 1.9
15 | 003 002 2.6
Qo5 1.3 0.2 13,9
i
10 mice glven PAPP
(30 ngto @10) , 1.0 ; 008 0.2 1805
1.5 - 003 0.2 hilo7
0.5 1.3 0,2 23.6
10 nice given Acetyl
PAPP (100 mgmo/kgmo) 1.0 0.8 0.2 Llso9
1.5 003 0.2 7307
05 | 13 0.2 0.0
Control uwrine plus PAPP )
(1 mgm,/mlo) 1,0 0,8 0.2 1.0
1.5 0.8 0s2 0,0
0.5 ﬁ 1:3 0,2 12.6
Urine from PAPP-treated ° ? ? ¢
nice stored far 2
hours at 50 co 1.0 0.’;8 0'32 2001
Urine from PAPPstreated 0.5 1.3 0.2 104
mice stored for L8
hours at 50 Co 1.0 0‘)8 0.2 ].608
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whother it 1s ag effectlive in producing methemoglobin in the blood of other
species as it ie in mice. Studies are also in progresgs to determine whether
the concentration of tho methemoglobineproducing substanes can be expressed in
terms of nitrite equivalenta since no standard is as yot avallable for the mae
teorial which is derived from the PAFP and acebyl PAFP,

Since the preliminary studies demonstrated that it is pogsible to do=
tect a methemoglobineforming substance in the urine cof mice given PAYP or acetyl
PAPP, it was of interest to determine whether the presence of this material is
correlated with the wrinary levels of PAPP or acatyl PAPP, Methemeoglobin dew
terminations were, therefore, carried out on geveral of the urine samples used
for the PAPP and acetyl PAPP excretion studiea. The results of theso studies
are sumarized in Tables 3, It cen be seen that there was no detectable methomos
globin producing substance in the urine of the mice given the low dose (10 mem,/
kgm, intrapsritonsally) of either PAPP or acetyl PAPP, When the dosags level
was increased to 20 mgm./kgm. of PAPP and 30 mgm./kgm. of 2cetyl PAPP, the
methemoglobin producing substance was detectalle during the first six-howr
period of urine collection and also during ths second six=hour peried in the
mice given the FPAFP, Thers was no methemoglobineproducing substance in the
urine of the miae cbtained during the 12 to 2h=hour colleotion pericd. Howe
over, in the animals which received the two highest dopage levels of PAFP and
sostyl PAPP, the greateat emount of methemoglobineproducing material was found
in the urine which was golleoted during the 12 to 2l<houwr pericd. It is likely
that this is due to the fact that these mles produced little urine during the
£irst 12 hours after they had been given the PAPP and acetyl PAPP buh additional
studies will be required to determine the relstionghlp between urine volumo and
excretion of the methemoglobineproducing svbatance.

Discuesion

In previous gtudies (1,2) we have demonsirated that the methemoglobinemia
seen in mice given PAPP occurs shortly after its administration and persists for
geveral hourg depending on the dose administered, The iniitial lovel of methemo-
globinemla in such animals is relatively independent of the dose of PAPP, how-
ever, within a range of doses of 10 to 60 ngu./'kgm intraperitoneally, The onsge}
of methemoglobinemia in mice given geetyl PAPP ia slower and the effect persists
for a longer period although the level of methemoglobinemia ism comparable to that
seen in PAPP treated animals, In mice which have had most of the liver removed,
there is & marked delay in the onset of the acetyl PAPP-induced methemoglobinemia
but not in that which is produced by PAPP, From these studles we have suggested
that acetyl PAFP must first be comverted to PAPP (in the liver) snd that the
mathemoglobinemia then resulis from the subsaquent conversion of PAFP to a
methemoglobln-producing substonce (mostly in the kiduneys). The demonstration
in the present studies that free PAPP 1s exoretsd following the administration
of acetyl PAFP supparis thils hypothesis and the further finding that PAFP is ex=
creted in both the free and bound forms sugpests that there is an equilibrium
betwesn PAPP and acetyl PAPP in vivoe, These studles indicate that both PAPP and
socetyl PAPP are rapidly excrefed (mostly during the first few hours after adminice
tration) in the urine although leas than half of the injected materisl was age
counted for ia elther the free or ecstylated forms in the urine during the first
day after administration.
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TABIE 3

Excretion of a MethemoglobineProducing Substance in the Urine
of €F, Female Mice Given Various Doses of PAFP ar
Aeatyl PAPP

. Aliquot of Urine Per Cent
Admindgtered Hours of Urine -
Doge in mgm./kemo Collection “"e‘i(;:;‘_f )T‘““s"‘ "e’gm‘;ﬁ‘f‘“
6 005 0
0 %o 1.0 0
10 of PAPP :
o 0, 0
6 to 2h 1.0 0
0.5 1L
0tob 1.0 22,6
1.5 50,5
20 of PAPP . 005 6.8
6 o 12 1.0 11.6
. 0.5 0
2 < i3
12 So 21} 1.0 0
0.5 30k
0% 6 1,0 79
1.5 12,0
0.5 5.6
30 of PAPP 6 %o 12 1,0 12.2
1.5 17.1
0@5 706
12 to 2h 2.0 15.1
t 1.5 51l
: 0,5 0
0606 g 1.0 0
10 of scotyl PAPP i
. 0.5 0
6togh g 1.0 0
]
]
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TABLE 3=-(ontinued

Administered Hours of Urine Aliquot of Urine Per Cent
Used for Test Methenogiobin
Dose in mgm./kgm. Collection (nl,) Formation
0,5 1.8
0tob 1.0 3.2
105 ho?
0.5 0
30 of acetyl PAFP 6 tc 12 1,0 0
1.5 0
0,5 0
12 to 244 1,0 0
1.5 0
0.5 3.3
0 %o 6 1.0 709
1.5 17.0
0.5 2.4
60 of acetyl PAPP 6 to 12 1.0 12,2
1.5 19,7
0.5 13.9
12 %o 2} 1.0 18.5
1.5 blio7
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The present studies have demenstrated that a methemogloblin-peroducing
substance can be detected in the urine of mice gliven elther PAFP or acetyl PAPP
and that 1t is not formed when PAPP is sdded to urine in viire. The excretion
of this material in the urine of miovs appsars teo be related GO the urine volume
although additional studies ave required to characterize the excretion patterns
mere fully., It would appear, therefore; that this metaboiic product of PAPP
end acebyl PAPP le excreted in a somswhal different pabttera than the original
substences and this obaseyvation mey be ugeful in charscterizing the methemos
globlnemia effect of these agents. Since the method used for the detection of
PAPP and acetyl PAPP in thess studlesz is alsc espplicsbile to blood, it shouvld be
possibla 4o lnvastligate the Hime course of both tho methemoglobin production
aud the blood levels of the Zree snd bound PAPP in the sams animals.

We have previougly suggested that the mobtgbolic producht of PAPP which
is vesponsible for the msthemoglobdin production is a quinoid derivative and
that it mey be a resonating quineid. It is possible that this substsnce might
bo regponsible fop the radicoprotecitive effect of PAPP and simileyr phenones and
thet 1% dg acting as & fveo radicel ssavenzsr rather than through the methemo-
globin=ferming mechanism, X7 this were the cass, thon the ability to detect this
agent in the uwrine may be of considsrable value in luvestigating its effects and
may even provide a source of the material since it appears to bs relatively
stable, WWe have been wghle up to the present bire %o find a gourcs of PAPP
dorivatives of this 4ype although several velated quinones have been obtalned
and are being tested for radioprotective offects in mice, Iaolation and identi.
fication of the methemogioblaspracucing agent from the urins would facilitate
further studles and 1% 49 planned to cavyy out such provedures during futwre
vork on thig problen,

Suwmacy

1, A stapdard method for tha Cotection of free ard bound sulfonamides hag been
us2d to investigate the oxcration of PAPP? aud acetyl PAPP in the wrine of
CF, femals mice, This motkod which depsnds on the diazotiszation of %the fres
ino group aad subsequint ccupling with en ethylenediemine derivativs was
found to bz guiteble for the neassurement of the phenocne derivatives in the
blood and urine of nice at coacentrations of 1 to 25 gamma per ml.

2, Both PAPP and acetyl PAPP are excreted rapidly in the urino of CF, female
mico when given by lntreperitonsal administration although higher dosage
levols which depress the animals delay the excretion by this route. With
low doges (10 mgm./kgm. intraperitoneally) of these ageuts ahout 507 of the
aduinistered agent was recovered in the free or acatylated form in the wrine,
Lewer recoveries were obtained when the dosage level was increaced. Durding
the 2arly period (O o € hours) after the administration of either PAPP or
acetyl PAPP, most of the apen’ in the wine iy present in the scetylated
form vhereas the reverse situstion occurs at later intervals (32 to 24
hours). foetyl PAPP is excreted in the urine of CF; femsle mice a3 free
PAFP as woll ae in the acetylnted forr indicating that this agent wndergoes
a partlal in vivo ds-acebylation pricr 4o excretion.

3. A mothomoglobin=-formine subgsbance was detected in the urine of CF, female
mice given either PAFP or acetyl PAPP. This cubstance appsared 40 be
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relatively stable when kept cold. Preliminary studies have been earvled
out to determine whether the wrinary concentration of this material is re-
lated to the urinary conecentration of either the free or bound forms of
PAPP,
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THE INFLUENCE OF EXPOSURE TO 1LOW IMVELS OF GAMMA AND FAST
NEUTRON IRRADIATION ON THE LIFE SPAN OF ANIMALS

T, Current Status of the Chronic Low Level Fast Neutron
lrvradiabion Progruam

Ao, Smndberg and J. Doull

This report concerngs OSurvival data for CFy female mlce exposed o
fractionated ciwonic fast neutron irradiation at varlous dose rates. This
report containg results obtained during the first 5l weeks of a duration of
life radiablon exposure progran.

Immediate or wltinmate application of the rasulis: To obtain ad-
diticnal infoimation on the injury and recovery processes from chronlc radi~
ation exposure. From the studies now in pregress it will be possible to de-
termine the effects of variation in dose rate on the loangeviiy response to
fagt neutron ilrradiastion. These ztudies will permit a comperison of chronie
"Fast neutron ivradiation with chronic gama irradiation both from a quantita-
tive standooint in which life spen uhovtnning is the measured parameter and
a qualitative atandpoint from the hisbtopathological examination of the tissues
of the mice which received irradistion exposures. The survival data obtained
in thls chronic irrsdiation program will ba of valus in testing the various
medel systems which have been wrovosed for vredicting the effects of chronie
irradiation and in the formulation of a mathemetical statement so that ths
environmenial hazard associated with low level fagt neutroun exposure can be
dotermined.

WAk oAb S % de 3k %

Prelirvinary sbudies concerning the 1ife span shortening effects of
chronic fagt nentiron and chronlc parma irradiation have been carried out in
this laboratory to determine th: magpitude of responge which could be achieved
with the present facilities. Rzoorts have been presented concerning the come
plete survival data for thz gamma irradiation program (1) and for two of the
fast neutron irradiated groups {2) throughout the entire duration of life
study. In ths previous studies in this laboraftory life span shortening was
vsed ag the major index fur defsrmining the effects of variation in dose rate,
totsl dose, sad exposure pattern (3<li). In the precent studies a constant ex-
posura pattern is belng employed so that life span shortening as a function of
variatioa in dose rate is the principel effect being investigated. In addition
to these groups of anlmals which are being observed for 1life span shortening
effecte of chronic fast neutron irradiation, cages of mice have been placed in
each of the various dose groups tc allow for serial sacrifice at specified time
intervals in order to obtaln additicnal information concerning the pathologleal
changea, In the yprevious fest neutron irradiation programs carried ocut in this
Jaboratory histopathological information was obtained only cn animals which had
died or were gacrificed in a terminal condition and the present serial sacri-
fice schedule will malke it rossible to expand theee findings with respect to
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the time of onazet, rate of progression of the changes, and the patterns of
responge of the different organs observed previously (5). Since large numbers
of control animals have bsen employed with each of the various radlation
groups, importaunt survival informatlon concerning the normal 1life span of the
CPq female mouse will be obtained. Although there are numerous methods of ex-
vreasing the effects of chronic irradiation on the life span of snimals, this
report and the interim reports to date contain the data expressed ag per cend
survival on a weekly basis and the median survival time of the groups which
have exhibited a 1004 mortality as well as the per cent life span shortening
of the latter groups. When complete mortality data are available for the ad-
ditional low level chrounic fast neutron irradiation groups, a more detailed
analysis of the dats will be presented as well as the hlstopathological examle
nation of the tissues of the animals,

Materials and Metheds. Adult, female Carworth Farms CFq mice wire used
for these studies. The animals were betwsen the ages of 12 and 16 weeks at the
beginning of the exposure period. The animals in the 3,18 rad/day group were
placed in the fast neutron facility on July 7, 1962 and irradiation exposures
were imitiated for the O.47 and 0,36 ra d/day dose groups on June 18, 1962, Two
additional groups of auimals at dose rates of 0.2Lh and 0,13 rad/dey were placed
in the irradiation facility on December 13, 1962. In order to obtain a dose
rate intermediate between the highest dose group and the four lower dose groups
additional pogition shelves were vlaced in the facllity to provide a dose rate
of 0,99 rad/day and radiation exposures were initiated in this group on April 6,
1963, All of the animals are housed in groups of eight animals per cage in
standard laboratory thinswalled plastic cages (6.5" x 11" x 5.5") containing a
layer of crushed clay absorber. They are provided with food (Rockland Labarae
tory Chow) and water ad libitum. The irradiated animals are housed continuously
in the fast neutron irradiation facility of thils laboratory and the control
animals are kept in an area wnich closely aonroximates the envirommental cone
ditions im this facility. Since the animals could be continually housed in the
fast neutron facllity and irradiated while in the capes in wnich they livey; no
disturbance by additional handling is necessary except for the dally mortality
observations, The temperature in the fast neutron irradiatlon room and in the
control room is thermostatically controlled to 80° £ 39 F,

The chronic fast neutron irradiation exposures are administered by
means of a 100 curie plutonlum-beryllium source having an average energy of
Lo5 MEV. The detailed description of this facility, including the placement
of the variocus groups of wlce and dosimetry calculaticns has been presented in
a previous repert {6). The daily fsst neutron exposures are administered over
a 9,7 how time perliod betwsen 10:00 P.M, and 8:00 A.M. by means of a timing
cirouit which activates the source holsting motor,

Results

Effect of chronic fast neutron irradiation on the life span of CF4
female mice, The 1ife span shorteuing effect of chronic fast neutron irradi-
ation 18 at present being investigated in six proups of mice placed in various
positiong in the fast neutron facility. Based on the flux calculations the
neutron dose fer the various groups of cages in the median plame (vertical
center of the source) are approximately as followss
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Group A 3018 rad/i0 hr. day

o 6 3 06 0 0
Group B 6000060 0@1&7 rﬁd/lc he o d&y
Group C s o o o o o 0036 rad/10 hr, day
Group D o 6 0 6 a0 0,24 rad/l() hr. dsy
Growp B 5 6 o o o o 013 rad/l0 hr, day
Grouwp F o 0 s 0 0 6 099 rad /10 hx, day

The purvival data for the groups receiving 3.18; 047, amd 0.36
rad/day as well as for the control group are ghown in Figure 1, The proup
which received 3,18 rad/dey originally coansisted of one hundred snimals bub
nine animals were removed for the study of the effeet of fast usutrean chrouie
irradiation on the rate of hair growbth and the swrvivel data is baged en 91
animales, The pgroup which received approximately O.L7 rad/day {Grow B) cono
glsted of 192 animnls, five of which were removed for halr growth studies snd
the survival data is presented on the basis of 187 animals. Group © (0,36
rad/day} conslsted originaliy of 128 snimels and the date for this group are
pregented for 122 animals, the vemaining six having been removed for %he
studies previously mentioned, Group D {0.2L rad/day) consisted of 128 snimels
and Group E (0,13 rad/day) consisted of 6h mice. Group F (0.99 rad/day) con-
slsted of ome hundred snimals at the initiation of this experiment. A® the
present tims the life span shortening in the three latter groups (D, E, and F)
1s insufficient to provide any index of the effects of chronic irradiation on
1life span shortening and these data will be presented in a later report. The
gontrol group for irradiation groupz A, B, and C consisted originally of one
hundred animals and the date are przsented for 92 animals; the remainder having
been removed for the hair growth study,

A log orobit analysis of the mertality data was used to determine the
median survival time of Group A since this is the only group which has exe
hibited sufficient moritallity at the present time 4o allow this type of analysis
to be made, Since the number of swvivors in the control group is ab present
too great to allow a calcvlation of ths median swvival tlmey the per ceat life
spen shortening for Group A is based on the control data from the previous exs
periment (2), At the initlsation of hoth of these exneriments, the mice were of
the same age range. For pwposes of comparison the results of the log probit
analysis of the previous two groups are included with the results of this study
end are shown in Table 1,

TABIE 1

Effect of Clmonic Past Heutron Irradiation
on the Life Svan of CFl Female Mice

Dally Dose of Fast Neufron Hedian Swrvival Life Span Shortening
Irrediaticn (rad) Time in Weeks (% of Control)
0 (COR"SI‘OIS 53 9090
002l 53 3-7
1,66 13 22,6

3018 32 39.6
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The probit transformation for this group as well as for the othey
two grovpe investigated is shown in Figurs 2. As can be seen from these
cuxves, the slopes of the probit enalysis curves increase as the radiatiom
dose increages for the two initial groups. However, the slepe for that of
Group A (3.18 rad/day) is very nearly peraliel to that of the group re-
ceiving 1,66 rad/day. This would suggest that at the highest dose invesiis
gated, the processes leading to death are initlated earlier and accelerated
at about %the same rate as the processes ab a dose leval of 1,66 rad/dey.

When additional data become available concerning the other dose groups under
investigation, 4t will be possible to further determine the effect of dose
rate on life spea shortening. The histopatholegical studies will also serve
a3 an index in detsrmining vhether or not the causes of death were essentlally
the same in the coutrol auninals as in those receiving daily neutron exnesure.

;gscassiem

Sinece the preliminary s tudies in this laboratory indicated thel the
present neutron irradiation facility is adeguate to produce a range of 1life
span shartening of abouh 04 to 504 by varying the dlstance of the animals
from the scurce or by increzasing or decreaging the period of exposure time,
the present program consisting of vavious dose groups was initiated and has
been in pregress for 5l weeks,

I% has been well cstablished that the Ly, for animals recelving
chronio irradiation is much greater than that fof a single whole body exposure
but the actual smount of life span shortening which can be predicted from
various chronic irradiation exposures needs to be further investigatedo Since
the dese ratec used in this exneriment are of a very low naturey it 1s anbieie
pated that these data will te useful in determining such effects. In a review
of the effects of chronic irradiction on the shortening of 1ife span by chronic
garma and fast neutron irradiaticu, Mole {7) has presented a compilation of
data from geversl investigators tnd has stressed the importance of the study
of chronie irradlation at low dose levels as well as the type of mathematical
analysis applied $0 thesz dese levels in an effort to determine whether or not
8 threshold phencmena exlets. Since our present neutren facillty permits the
study of theee low dose levels, the survival data from this program should aid
in the dnterpretation of possible 1ife zpon shorlcning in these rauges.

When the present otvdy ir comnleted, wa will have complete 1ife spon
shortening information on eight dose-rabe grovps at which time it will be
possible to avtempl o mathimatical formulotion of the effects of chronle fast
neutron lvradistion, lelville et al, {8) have mathematically determined the
regidual demage in aninals vhich have recslved fractlonated radiation doses
aud since the chrounic radiaticn situation is ia reality an oxteunsiocn of the
fractionated exposure progrsm, it is plamned $2 attemph vo mathematically
determine some index of residual damege end ths racovery which ccowrs during
the chronic irradietion situation. It ig antielpated that the histopathclogi-
cal examinntion of the tissves of the animals resziving the ohronic irradiation
exposures wlill give some indlcavion of tha rature of the balance between cellu-
lar depletion or domnge and the replacement of ropalr processes. As has boen
pointed out by Mole (9) an additicnal facheor involved in ohronic irradietica
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sxposed to chronic fast neubtron irradiation.
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48 that certaln specified indices of dsmege show that adaptation to chroanic
irradiation ocows.

Our studies have been designad so that the time of exposure far both
the chronio gama and chronic neutroa irvadiatlon exposures remains constant
eliminating the possible effects of the ratlo of radiation time to radiation-
free time. In studies in which irradiag%on was extended fram a period of 1.5
4o 2l hours wlth fisslon neutron and Co®Y gamma irradiat’on, Vogel et al. (I0)
have demongtrated that the deose rate ls imporiant in connection with gamma
irradiation but that the IDgn(30) of fission neutrons is independent of dose
rateo

The present fast neuvtron plutonium-beryllium source hag made it une
neceasary to adjust the cage positiong to correct for the decay of the source
and the fact that the present source is en ineline source permits the use of
large eXpOBUrC Eroups.

Althoupgh the two lower dose levels presented in this repord have nobt
ag yet exhibited a 1ife spen shortening of 50%; it is of interest to nota that
%hoge in the higher of these Ywo groups avnear to have an earlier onset of
deaths but as the survival awnroaches 507 the difference hetween the two groups
becomea lsss marked. The control group for this experiment has not as yet
reached a level of 509 morialidy so that the per cent life span shortening of
the high level group (3,18 rad/day) of chronic fast newtron irradiation cannot
ba determined. However, since large uwmbers of control snimals have been main=-
%ained for the other chronic irradiation studles; an estimate of the 1life span
shortening can be determined and on the basis of this comparison it s 39.6%.
When further data concernlng the effects of the lower levels of fast neutron
4rradiation on the survival of these groups becomes available it will be posei-
ble to determine more preclgely whether the life span shortsning as a functlon
of the log of the daily dose iz a linear or curvilinear responge.

In review of the effects of ionizing radlation and aging, Upton (11)
has complled data fram several iunvestigotors coucerning the relationship be=
tween life span shortening and the log of the dally dose rate., The data for
the dcae groups presented in thils report agree with those of these investi
gators.

The final analysis of ¢he data on all dese groups involved in the
present gtudy will make it possible to determine the RBE of fast neutron to
chronic gamma irradiation. The dogimetry calculations have been dimscussed in
detail in & previous report and the camplete dose measurements will be pre-
sented in a subsequent report when it has been poasible to determine the
gama contaminant. The complete survival data will be presented whea thin
information beacmes available, This information both in regard to life span
shortening effects of chronic irradistion and histopathologioal exmination
will be used to extend the findings of previous studies in this laboratory
and in other laboratories, '

.
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Mortality data obtained during the firat Sk weeks of a duration of 1ife
chronic fast neutron irradiation study are presented and compared with
previcus studies in this laboratory.

The median survivel time of the mice exposed to 3.18 rad/day was 32 weeks
and a life span shortening of 39.6% was calculated on the basis of swr=
vivel data for CFy female mlce from a previous study. '
The slope of the log probit cwrve for those mice which received 3,18
rad/day is approximately the same as that for the group of mice that re-
ceived 1.66 rad/day indicating that, at this dose, the processes leading
to death are inltlated earlier but may procsed at approximately the same
rate as those in groups which received 1,66 rad/dasy.
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THE INFLUENCE CF EXPOS'RE TO LOW IEV:'IS OF CAMMA OR FAST
NEUTRON IRRADIATION QU THE LIFS SPAN OF ANIHMALS

II, Studies on the Toxicity of Rare Barth Compownds
and Their Aniiuence on Radiavion Lethality

David We Pruce and Kenaeth P, DuBois

This repord concernse Studies on the acute inbtravenous toxieity of
prassodyntium tnitrate when adwinistered 2lcone or in combination with whols
body zeirradiation.

Tnmediate or ultimate sppiicabion of the resultgs Bscause of an ine
crease in thelr industrial wiilizotion, more inlormation is needed on the
toxicity of the rave earth matals- LEqually inmportant is the problem of de=
termining the effect of simuitanzous exposure to icnizing readiaticns and rare
earth compounds that could result fyom g nueleay ieactor gccldent or atomie
detonation. The present inves*tigation is a continuvation of studies %o obbtain
information on the potentlel hazavds aspociated with the rare earth compownds
alone and in combinabion with ionizlug radiations.

LI 2 R L 12

Previous studiss in ihls laboratory (3,2) have ghown that various
rare earth nltrates glven orally to rats are only slightly toxic end modersie=
1y toxdc when glven by the intraperitoneal route. Upon intravenocus injection
ag the nitrate salts the light lauthanons (cerium, prasecdymium, necdymium,
and szeamarium) were found to b3 highly toxic to rats and exhibited a sex differ-
ence in that they wore 7 to 10 times more toxic to female rate {3) then to
males., In this regard, the poosibllity of a sex difference was suggested by
the studies of Snyder et al., (L) which ghowsd that 3.5 mgm./kgm, of cerium
salt produced a two-fold increase im liver lipids in female and castrated mals
ratg but no significant change in the lipid content of intact malez. Sayder
and Stephena (5) found that intravencus coriwm chleride also caused o decraass
in serum glucosa of femals rats followed by an increase in plasma free fatéy
acids suggeating thet the Lirst effeot ¢f eorium chloride was on carbohydrate
motabolisnm. Studies in this labouratorv (6) have demonstrated that iutravencus
adninistration of 2 mgm./lzm- or b mem,/kgm, of prasecdymium as the nitrata
salt regulted in a propertional decrease with respect %o btime in the blood
glucose of female rats during th> 12= %o 72-hour pericd following adminise
tration. At any given time during this perioed, the per cent decre=se in
blood glucose from control values after b 1zgm./kgm. wap twice that scen after
the administration of 2 mgm./kgn. By administration of testosterons propionate
(5 mgm./kem,) daily for a paricd of thinty days prior to 2 mgm./kgm. of prasco
dymium or by placing female rate on a high carbohydrate diet by giving so-
lutions containing glucoss cr sucrose, mortalities could be decreased awd the
decrease norrally seen in blcod glucoge could be mcdifed or prevented {7)a

Tl
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Studies by Melville and Riess (8) and studies in this leborabory
have also demonstrated an increase in mortality of rats receiving the rare
earth salts intraperitoneally in combination with whole body radiation.
When sublethal doses of the rare earth nitrates were given with 500 r of
xeray, a 275 to 82% increase in mortality was observed (9). A 3L# to 63%
increase in the toxicity of iutravenously administered praseodymium nitrate
(2 mgm./%pm.) was observed when given 10 to 15 minutes prior to doses of
whole body x<irradiation ranging from 50 r to 500 r (6).

Materials and Methods., Adult, male and female Sprague-Dawley rats
(200 to P70 gm,) were used for these exveriments. The animals were houszed
in air=conditioned quarters and given water and Rockland Rat Diet ad libitum.
Aqueous solutions of prassodymium nitrate (pH 3.5=5.5) in isotonic saline
were given by tail velnj control animals recelved an egquivalent volume of
saline equal to 0.1% of the total body weight. A colloldal hydroxide sus-
panaione%p}l 7.5) of praseodymium nitrate was prepared for intravenous ine
Jection by the addition ef scdium carbonate to the diasolved nitrate salt.

Bleod glucese (total reducing value) was determined by the method of
Folin and Malmros (10) employing the micromodifications of Park and Johneon
(11). Serial samples of whole bloed (0,05 ml. in duplicate) were obtained by
sectioning the tail under local anesthesia. Tissue slicee of rat liver were
prepared using a Stadie<Riggs microtome (12). The slices were suspended in
Krebs-Ringerphosphate buffer (pH T.li)s The endogencus respiraticn was
measured mancmetrically at 38° C. in an atmosphere of pwre oxygen following
a 10=minute equilibration period, The QO0p values were calculated from the
dr;sroweight of the tissue glices which were dried to constant weight at
1057 G,

X-irradiation waz sdministered as a single, total=body exposure with
a Go Eo Maximar therapy unit. The radiation factors were as followst 250 KVP,
15 m3., 0,25 mmo Cu and 1 mm, Al added filtration. The target animal distance
was 75 on., and the dose vate was 35 r to 37 y/minute as moaswred in alr with a
Victoreen ionization chamber,

The nitrate compound used in this etudy was obtained fram Iindsay
Chemical Company, West Chiocsgo, Illinois,

Results

Effect of intravenous pragscdymium nitrate on mortality and blood glu-
cose of Iatact and castrated aduit male rats, Because of the pex difference
noted in the Intravenous toxicity of the light lanthanons and the suggested
hornonal involvemont, 1t was of interest to ses what effect castration of male
rats would have on the toxicity of prasecdymium. Male rats 50 days old were
castrated using psntobarbital sodium as the anesthetic agent., Fifteen days
after castration groups esch containing ten animals were injected with 4, 8,
and 12 mgm./kgn. of prassodymium s the nitrate salt and obaerved for 2 poricd
of 30 days.

The results presented in Table 1 show that L mgm./‘kgm. and 8 mgm,/kgm.
caused mortality of 0% and SO{ of the rats, respectively, while 12 mgm./kgm.
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restited in only a 20% mortality. In previous sbtudies conducted vo determine
the approximste IDgy value for praseodymium in normal males, dossas of 6 ngio
kgme and 12 mgm./kkGimo were lethal to ounly 20% of ¢he animals when glven ag ths
nitrate salt. The results suggest that the hormonal factors alone may not be
tha explanation for the increased voxdlolby observed in cagtrated male rats.
In addition to further mortality studies in progress to elarify the ahove rew
gulds, experiments were congucted to ascertain whether 8 mgm./kgm. of intra-
venously administered pragecdymium had sny effesct on the blood gliucose of
ecastrated and normal male rabs. Prior studies have ghown that in contrast to
¢the marked decrease in blood glucose of female rats caused by 2 mgm./kgmo of
praseodymium, neither 2 mgn,/kegn. of prascodymium metal nor equltoxic doses
of 20 or 30 mgm./kgm, produced sppreciable changes in ihe blood glucose of
male ratss

TABLE 2

Acute Iutravenous Toxicity of Praseodymdium
Witrate to Castrated Male Rels

Dose pH B o .
{mgwo /kgmo. Metal) Solwidon  Horbeldty % Hortality

b 5.35 L/10 ko
8 5.20 5/10 50
12 5.10 2/10 20

a
Mortality data based upon 30=dsy cbaervation period.

Figure 1 shows the effect of 8 mgin./kem. of prasecdymium on the blood
glucoge of normgl and castrated male rats. The values are plotted as per ceni
of the control blood gluccsc values, DLach animal served as its cwn coutyrol end
each polint on the ewve represcuts the average value obtalned for groups eanh
containing fouwr to eight animals. The control values in each aninmal were obe
tained 24 howrs prior 1o prasecdymium edministration and serlal samples were
algo ovtained for coatrol enimels at each 2l<howr peried.

In sontrast to results previously obiained with other doses of %hiz
conpourd,; a8 narked decreaso in blesd glucoss in both intact end castrated
males was found, An averagce dzscreage frox control values of 134 and 233 ad
24 hours, 34% and 3%5 at 48 hours, and L7 and 317 at 72 howrs waz found for
Intact and castrated males respectively,

In ‘thess otudiss the majority of oninals died during the first iz
days posteinjection as previoualy found in other intravenous toxicity shudien
with the light lanthencas.
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Effect of whele=body wx-irrediation on the toxicity of intravenous
rraseadymium nitrabe. [n conjuncilon with the studies with sastrated ratvs,
prolimin gtudies wera conducted t¢ obaerve the effects of administration
of 8 mgm./kgm, of prassodymium as the nitrate eallt 15 days afier a single
dose of LOD » of btotal body s=irradiaiion, l-irradistiun was administered
to & group containing ten SO-day old male rats. Ten days after injection
this dose of rare earth nitrate was found to be isthal to 904 of ths rats.
Further studles are being conducted, : '

gffeot of varying the pH of latravenouely edninistered praseodymium
on the endogenous respiration Of JiVer BLLCE8 ITCN Lomale ratd. PLevious
. studies (13) have indicated that measuvement of the endogencus reaspiration
- af liver slices from female rats is an adequate mesns of determining the
toxicity of intravenous praseodymium. Since the pH of the intravenously in-
jected solution may be a factor in the:btoxicily of the compound, solutions
of praseodymium nitrate (2 mgm./ikgm. of metal) at pH 3.5 and 5.5 and a
colloidal suspension ad pH 7.5 were given 4o groups of rats each containing
four animals., Control animals regeived an equivalent amount of isotonie
saline, Fariy-eight hours after injection, the animals were sacrificsd and
the endogenous resgpiration of liver glices doterninsd, Ae shown in Table 2,
the average Q02 values cbbalned on liver slices from rats receiving solutions
at pH 3.5 and pH 5.5 were 5.3 or 51% of the control value, The average Q0
value for liver slices fram rats receiving the colloidal suspension was 1003
and not sipgpificantly different from tho average conbrol valus, The vesults
suggest that it is the icnlzed a3l% and not the colleidal suspenslon that
produces the toxic sffects seen ln female rats,

TARILE 2

Effect of pH of Intravenous Prageodymlur on tho
Endogenous Raspication of Liver Slicoee
from Female Rats

o Q0» Values 4 of Control
Injacted R .
Praseodymiun L8 Hours Post=Injecticn Activity

Saline coutrols 103 s8000
(9.0-10.9)

3:5 593 Slnh
(Lo2-6,8)

555 503 51.h
(ha8~600)

7.5 10.7 104.0

{20,2-11.1)
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Digcussion

Studies on the acute toxicity of intravenocus praseodymium nitrate
in intact male and female and castrated mals rats mey indicate that the
toxic sctions of prasscdymium resuld from more than one mechanism of action,
Cur resulis sugrest that the physicel-chemical state of the intravenously '
injected solutlon iz an important factor. Although there iz a similarity in
the distribution of the colleidal snd icnic farms of ths light lanthanons
{14), the toxic action of the two forms may bte different. In vivo studies
by Aeberhardt (15) with tracer doses of ionic ceriumellhl; demonstrated that
90% to 95% of the ionic form was boumd to the gamma glcbulins and beta=2
globulina of the plasma proteins in rats; guinea pigs, and rsbbits, The
refiainder was fixed tc the white cells. He found that this binding was
accomplished bsfore the buffering sction of the blood could form colloidal
aggregates, Intravenously administered colloidal cerium-llhly was found to
remaln umbbund in the blood. Since the light lanthanons accumulate to the
greatest extent in the liver (15), the results suggest that one toxic mecha-
nisnm of action 1s dependent upon the amount of light lanthanon that is trans-
ported 4o the Liver bound to the plasma proteins.

Summary

1. Intravenous administration of l mgm./kgm., 8 mgm./kgmo, and 12 mgm./icgm,
of prassodymium as the nitrate salt resulted in mortality of 4O%, 503
and 204 respectively of adult castrated rats that wera injected 15 days
after castration and observed for & pericd of 30 daya.

2, The intravencus administration of 8 mgm./kgm. of prasecdymium as the
nltrate salt caused a decrease in blocd glucose in both intact and
castrated male rats, The average per cent decrease from control values
was 13% and 233 at 2L hours, 34% and 31% at 48 hours, and L1% and 31% at
72 hours for intact and castrated males resnectively.

3. Tha administration of 2 mgm,/kgm, of praseodymium st oH 3,5 and pH 5.5
resulted in s 513 decrease in the endogencus respiration of liver slices
from female rats 48 hours after administration. When 2 mgm./kem. of
praseodymium vam given as a colloidal sugpension at pH 7.5 She Q0p values
cbtained did not differ significantly from control values,
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THE INFLUENCE OF EXPOSURE TO LCW IEVELS OF GAMMA AND FAST
NEUTRCN IRRADIATION ON THE LIFE SPAN OF ANIMAIS

11X, Radiation Pathology of Chemically Protected Mice Serially
Sacrificed Following Proton or X~irradiation

D, Vesselinovitehy; P, Fitch, J. Meskauskes, D. G, 0ldfield,
V. Plzak and J, Doull

This report concernss The type and extent of gross end microscepls
changes In the tissues of GrFy male mice given 2.-mercaptoethylamine (MBA) priaw
to wholgsbody irradiation wi%h LhO Hev protona or 250 Kvp x-rays and sacrificed
daily from 1/2 through 15 days.

Immedlate or ultimete application of ths resuliesr Information is
needed concerning the relabtive biclogical effectiveness of high-energy protons
in mammalian systems and the ability of various envircnmental factors to modify
the injury produced by this typs of radiation exposure., The studles described
in this report constitute part of a program designed to provide information on
the blologloal offeots of higheenergy proven irradiation, proteotion zgainst
thege effects by means of chemical radioprotective agants, and & comparison
with results obtained using radiations haviug other LET values (10 te 50 Mev
electrons, relativistic neutrons, lower energy protons, etc.). In addition %o
the practical valuasz of guch studies, they are also of theoretlcal interest
wlth regard to the relatlonship of LET to radlation injury and to the mechaniam
of action of the chemical redioprotestlve agenis.

W oS e ¥R

In & previous report (1) we have described the terminal gross and microe
soople pathology in mice which died as 2 result of exposwre to proton or x-irradi-
atlon and the influence of pretreatment with chemical redioprotestive ageats on
these effecta. The present study was undertasken to investigate whether signifi-
cant differences extst in the nature o timewcourse of radiation-inducsd injury
and recovery precessss in protoneirradisted as compared with x=iyradiated mice,
I was 8lso of interest to determine whether these processes would exhibit
different, temporal patterns when the irradlation was preceded by treatment with
a protective substance. Because of its impertance as a projective agent, sud
to faellitate comparison with the proton and xz-ray protsctlon studies aliready
svailable in this laboratory, MEA was selected as the protestive agant for
theme studies. The radiation dosos were chosmen to lle in the nelghborhced of
the IDgp/30 for each of the two types of redlation, Thus the basis for comparie
son of the unprotected proton witi the unprctected xeray groups of mice is the
aquilikelihoed of surviwal %o 30 days fer the two groups,

Materials and Methods, Mais P, wlce ware used fer thlas study. Ths
mice were 17 to 18 weeks old at the #ind of irradiation. The amimals ware g2-
leoted from several shipments, randomized, and assigned to verious protscted,
unprotected and coutrol groups. A dstailed description of the physical and
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biologleal methods used in the ircsdiation of the enimals has bsen presented

in a previcus report (2), Table 1 preszents the oxperimentsl design shewiag the
time of seriazl ssorifice, the various doge groups and the nuaber of sunimals
exumined in esch group. In additlon to the tabular listing, five vnirradiated,
untreated enimals were taken a8 controlz. Only living mice were taken for
exomination of ¢he tisgues end these animsls ware sacrificed uwnder ether anes-
thesla, The following tissues were routinely taken for histeological exemini-
nations liver, kidney, spleen, heart, lungs, thymus, testes, lymph nodes
(mediastinal and mesenteriie), duodenum, pmncress, end sternum. The tissues
were fixed in noutral buffered formaiing embedded In peraffin, and stained
routinely with hema%oxylin and eosim., Host of the sectlons of the splesn and
sone of the bone marrow sections were stalned with Asure-Eopinate. Spleen ime
prints were made from all animals examined and stained with Wright-Giemsa stain.
A few gectlions of the liver wers stained with Trichrome-Gomori Aldehyde Fuchsin,
In the cass of opleen, the webt welght was obiained immediately upon sacrifice
and prior to any histologlcal precasszing-

g4

Grozg pathologlcal fimdivzs, Table 2 presents e susmary of the major
gross patholegical findings in provou-irridiated mlce. The most frequent pathow
logical finding at postmertem szeminaticr was hemorrhage in the fam of patechiae
or eschymosls involving areas of variouz sice in the affected organs, The organs
so involved wers brain, liver, and subculanzous tiggues in the sbdominal reglon.
Ancther intereeting finding was sppesrgnus of plnepoint nodules scatbered pres
dominantly throagh the rod pulp ol the splesn, Siightly enlarged meseunterle
lymph nedes wers obgerved in one prolonelrridiated mouse and in a few animals
pratreated with MEA, There was & woft slon2 in ths wrinary bledders of a few
mice given protong with and withint MEA lreatmeunt. Patohy pnsumonic ccnaoli-
dadion of thz lungs was seen in a few epsrimental mies regardless of the treate
ment giveas

In genoral, no distingtive temporal pattern of progression or retro=
gresslon of these leslong emerged from e gross, quelitative, pathologie study
of proton-irrediated animals, A simllaoy regult was obtained for the x-irrediated
mice and will not be reported here in ditail,

Data ¢a spleen welighis found & autopsy are glven ln Table 3 acd are
plottad in Fizures 1 to L, From thesc dota it can be scen that the pabiern of
spleen weight change after irradiation iz simllar in all irradiated groups.
The welght decrsases to a minimun dwing thz first 72 hours after irradiation
snd remadng at this minimm during ¢i12 next 72 hours, Recovery from the weight
103 beging on the sixth to seventh Iy, Taere i3 some indication from the
curves that in both the proton aud x-ray groups, the spleea welght minimun ob-
served during the sescond 72 hourz is 1ore savere, 1,8., t19 welght is lower in
unprotected than in protected grovpo,

Mleroccopleo findings. The major ilstopathological findings in the
tigaven OF animpis exarmined 1n thoso stvcles are summarizel in Tables L and 5,
The major findlngs were scen in the spleet, thymms, lymph ncdaz, bene marrow,
teatin, ldlvar; and brain,
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TABIE 1
! Fumber of Animals Examined at Each Assay Point

Rediation Dose and Pre-irradiation Treatment
sfi-?‘ifﬁ, 1/2% Body Weight H,0 225 mgn./kgn. MEA
(days)
707 rads Proton | 580 rads X-ray | 707 rads Proton | 580 rade X-ray

1/2 6 3
1 6 k 3 N
2 6 I 3 L
3 6 4 3 L
b 6 b 3 L
5 6 L 3 h
6 6 I 3 3
7 6 L 3 3
8 6 L 3 3
9 6 3

10 L 3

u L 3

12 L 3

13 b 3

i b 3

15 3 3
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TABLE 3

Spleen Weight as a Function of Time of Sacrifice
in the Irradiated Groups

707 rads LL4O Mev Protons 580 rads 25C Kvp X-rays
H0 MEA HpO MEA
t, Days
Post~irradiation . " T
m (mgm.) =8| m (mgme) S g |m (mgms) = x |m (mgmo) Lo
1/2 9 = 4 | ¥ % 9 covossel | sessssss
1 67 3 67 b 6 L 4 | 69 = 3
2 bl 5 53 g 59 7 86 20
3 b 3 60 I N3 5 66 5
h L3 7 b 10 51 5 6l 2
5 58 9 57 10 52 7 5o 1
6 b 7 102 10 26 2 L9 L
7 54 3 61 7 L5 2 55 L
8 39 5 62 10 79 35 76 15
9 68 1 | 103 31
10 8o 16 6l 13
1 W W 13 35
© 109 L 63 30
B 70 16 65 5
1 80 1 80 5
15 w7 53 100 9

m = Mean weight of spleen
# * Samples standard deviation of mean.
¢t = time of sacrifice

Controlet m = 101 % 16 mgn,
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TABIE b

Frequency and Severity of Major Histopathologic Findings in
Probon=lyradiated Hice

!
3 Tims of Seprlal Sacrifice
Major Histopathologlo .
Findings Treatmant ;
12 ol 2 3 b 5
i
Splesu None §
6/6 6/6 6/6 6/6 6/6 6/6
Atrophy of lymphold Hy0 L bpbat {24658 | €08 | 058,88 | byCpe | byo,e
tiasuz i 8T8 C’gﬂg’i ﬁgdgd d,dgd Cded degd
| , ;
aea | 33 133 | 33 ¢ 3/3 | 3/3 | 33
é bgbpc 35C,C b,cae tf bpb,c b,b,c b’bgc
| R
3 ! i l
Hove | i
: 56 | 6/6 | 6/6 | 5/6 | 6/6 | 6/6
Congestion | B0 ;8,8 [ apapa | 8p8p8 | 8;8,8 | 88,8 | a,b,b
’ . bgb bgbpb ‘ agbge i agb a'bgb b,b;)c
| I i
vEa | 273 L e i 3/3 Y 3/3 | 33 | 3P
| 8,8 8,0 ) 8b,¢ | asasb | asa.b | agbsb
i § f
L
Hone : § :,
Ir ;
&5 | 6/6 f 6/6 | 6/6 | 6/6 | ¢/6
Presence of H20 " Sp898 |, 85858 § 3,88 { 3588 | asaph | abyb
mgakm’yomes . aabgb ' agago ; &gbgc 5 babgb bgbob b’bpb
' ‘ i !
w33 .3/3 0 3/3 §3/3 |33 | 38
f a,b’b ‘} a,c;c b a,a’b b’bpo i a’ag. a,s;b
4 # i
Homa ;
< i ;
Presence of poly- L 6f6 i /5 6/6 /6 2/6 1/6
morphecnuclsar HZO ' bybsb Fa,by0 | Rya,2 | By8,2 858 a
lsukocytes } @pdyd @cCs8,C | 8,858 a H
vga | 33 1 3/3 V33 Y23 | oz | 33
j b,c,d b,b,b a‘a’b agd 8,848
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TABLE L=<Continued

(Days Posteirradiation)

6 7 8 9 10 1n 12 13 i {18

o/5
6/6 | 6/6 | 6/6 | 6/6 | uM | uM | b/ | W/ | WL | 3/3

CyCyC CpCyC C,0pC b,b,c b,b,b CyC,c bgbgb b’bgb b,b.b b,bgb
dyd,d [ cyeye | cyeed | 0sc,d ¢ b b b

3/3 3/3 3/3 3/3 3/3 3/3 3/3 3/3 2/2 3/3
b’b’b b’b,d b’b,h b,b,c b,c’c c’d.d b’b,b 0,090 b,c b’b’b

/5
6/6 | 6/6 | 6/6 | 6/6 | 3/ | 34 b oumo | 3/ |2/ ] 3/3

bybyb | azasa | apoyb | 88,8 | 84292 | ayasa | ay,byb | ajaza asa ay88
byb,e bybyc byb;b - 12293

3/3 3/3 3/3 3/3 3/3 3/3 3/3 3/3 2/2 3/3
bybgb | bybsec | bybyb | bybyb | a,bsb | ajaza | a,byb | a,byb 8yb a,byb

5/5
bybsb
bye

6/6 6/6 3/6 | 3/6 17/ TV TR IV TR A1V TR BV TR I ¥

8298 | 8,8,8 | By8,8 | 8,b,0 | aya,c § aybyh | ayayb § bybyb [ bydyd | ape,e
‘,b’b b,b,b d [

33 13/3 {3/3 {33 |33 §3/3 |33 |33 |22 | 3/3
b,b,b } a,a3b | byb,d | cycee | apbye | 0y05d | bybye | a,b,b b,b cyd,d

5/5

Ry8,8

a.‘
1/6 1/6 0/6 2/6 1/ 2/ 3/k 4/ 3/ 3/3
a a 8,8 a a4 8,8y3 | 3,8,8 | Bpa,8 | aja,a

3/3 1{3 3/3 3/3 | 3/3 | 3/3 | 3/3 | 3/3 e/2 |} 3/3

aya,b a,byb | 3,8,b | a,a5h | aybyb | a,2,a | a,3,a asd aybyb
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TABIE beefontinued

Timo of Serial Sacrifice
Major Histopathologlo .
Findings Treatuent .
1/2 1 2 3 b 5
Splesn
Nons
Resovery of granulce 0/6 2/6 3/6 L/6 u/6 5/6
cytic elensats 1,0 258 85858 o8 agh gbyb
* ‘ aga | byb byc
YR o3 | /3§ 3/3 4 3/3 | 3/3 |3/3
* b 2a8ph | by0y0 | 8p8,b | byo,0
Hone S {“
! :
Recorary of erythroe 1/ 1/6 3/6 | 2/6 | 3/6 | 5/6
blagtlc eleuwenta H20 ioa a 8858 ot byeet | b0
i CpC
MEA o/3 { 2/3 | 3/3 | 3/3 | 33 | 33
ash 8,852 | bybyb | a,byb || bybye
i
| ; !
. Noae i
; Vsre 1o |efs | 6f6 | 66 | ef6
Hemosiderosis i H?O ﬁa,a,a ;8.8 | y8b | @88 | 8paa | 83,4
i : i a8 bbb | bybyb | agagh Jbgb,b babyb
a ‘:, :
b omn 33 1 3/3 | 33 33 7 3/3 | 33
[ f a’agﬁ ag&pa &,a,a aya,b I' a,a’a b,bpb
i' ! i P
E : |
Bone marrow | Nome | ! ‘.
T i E i
: i L/6 6/6 6/6 6/6 6/6 6/6
& H20 g 89& apag.b agb,c 05030 bgcgc b,cgc
Hypocellularity g ! aph b;Cs0 | cpce § Cpdpd ! dpda,d | cpdyd
i
TRV I -7 W N7 B OV N 7 W RV
3 ; a ugb 050 bpbgc ’ b,d aga
i i
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TABLE li-=Continued

(Days Postelrradiation)

2/5

asa
2/6 | u6 | 2/6 | W6 § 3/ | 3/Mh | b | b/ L | o3/3

a8 a,b,b 8,8 88,8 a,b,b a,a,b a,b’c b.b,c b,byo b,bpc
b ¢

3/3 2/3 2/3 3/3 3/3 3/3 3/3 3/3 2/2 3/3

Cy050 a,¢c b’c‘ a,b,c a’ﬂgb bgbpd 898yC a’agb b:’gc d,d,d

2/5

8p8

b6 1 s/6 1 5/6 | 6/6 | WM p W | WA | W | uls | 33
agbyb | a,beb | 8,858 | 3,8yb | c50d [ cacut | epeed | gy [ byhae || bybpd
b cpt ot epced d Q d 4}

3/3 3/3 3/3 3/3 3/3 3/3 3/3 3/3 2/2 3/3

€s0,d | 2,050 | CyCed | Dycye | bpa,d ib,c,d byesd | a,b,s byb 8,0,0

/5
ra,aga,a
6/6 6/5 6/6 6/6 /b L/ 3/4 W/h L/b 2/3
b,b,b apasa bgbgb 8,8y8 a,b’b a,a,b a’apb 2;8,8 a,a’hl a8
b'c,c b’b’b CyCyT bsbgb b b a
3/3 | 3/3 1 3/3 | 33 |33 | 3/3 ¢ 33 |33 | ek |33
a’b’b a,a,b b’b’b b’b,b a,b’b a,b,b a,b’b a,b’b + B8 888
o/s

646 6/6 6/6 5/6 L/h L/ L/k L/ 3/4 o/2
bye,0 ! bybyd | byosd | bye,d | bybyo | byo,e | bybye | aya,bh | bbb
d,d,d [ dyd,d | d,d,d dyd c d ¢ b

3/3 3/3 3/3 2/3 3/3 1/3 3/3 2/3 1/2 0/2

a,b’b agl,b b,b’b b,c agbgc a,a’b b,c a
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TABLE -Gontinued

Tiwe of Serial Sasrifice
Major Hlstopathologie e v et
Findings Losetneant
1/2 1 2 3 L 5
Pave marroy None
Recovery of syeios 0/6 | 0/5 0/6 of6 [ 0of6 L/6
blagtic und orythro- Ir120 byb
blaghié alsmente ” ] Y]
wa | W3 (O3 11 2 e of
i i b b,b agh CpC
! |
' f
© Neme
B i
i P66 5/6 6/6 6/6 5/6
Congostion : R'(-_‘n 1 b 8;8,2 | 89bsb [ bybyb | azbyb | a,bpb
f x bybgh cy0 bpey6 | bbb | cyo,d
— V3 13/3 | a3 |33 |23 ) 2f3
a agbgb b’b bghpb a8 a8
None
: 0/5 o/6 2/6 5/6 3/6 5/6
Preacnce of gelatinous H20 b,c apasd | asazh | bye,c
mMarrow 1 b,a ¢4
HEA of3 1 03 o3 | o3 o3 | o3
f
’§ i
Thynus Nene |
6/6 | ¢f5 1 6/6 | U L 6/6 | 6/6
H,0 bobsb } bybyb | aybyb | bybyt [ bybyb | 3,050
Atrophy bybge | byb,a | byeye e CyCpd | Cyo,c
HEA 33 1 3/3 | 33 {33 | 33 | 23
l a,b,b b,cpc agbgb bgO,c 09090 a,b
{ i
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TARLE l~=Qontinued

(Days Pogt=irradiation)

6 1 8 9 10 11 12 13 1 15
o/5
e/6 | 2/6 | 3/6 | 3/6 | 3/ | /b { WM | 3/ | WL | 2/2
asb ayb azagh | a,c,d | a,b,b ay0 bybyb | 04c,d | bycse €,C
e

3/3 3/3 3/3 3/3 3/3 3/3 3/3 3/3 2/2 2/2

bycyc || mabet | bybse | 8,0, | asbye | asdsd | bycye | agb,d cyd d,d
o/5
6/6 | 6/6 | 6/6 | 6/6 LA | b4 | LA | 34 | 3/ | L2
b’b,b 85CyC a,a,b apaza b,bgb a’b,c 89CyC ﬂ,b’c a,bpb b
bybyc | eycpd | byoye | bybye 8 c c

3/3 3/3 3/3 2/3 3/3 1/3 3/3 2/3 2/2 /2
agﬂ’b b’ 2C a,&,b a,b B,bgb b Bpayb ﬂ,b assh

o/s
5/6 1 66 | 6/6 | o/6 | i/ | i/ | 2/ | i | ok | of2
agbgb | apbyb | 3,a,8 ¢yt a b agh a

CyQ CpCjpC b’b’b

0/3 0/3 0/3 0/3 1/3 0/3 0/3 o/3 1/2 1/2

Y
88 | &/8 34[’1, 36 L ofs Lo | 14 | o4 | oL | 13
» a

bybyt | 8,8, | a, a,b,c b
Cycyc Cyt

2/3 0/3 1/3 2/3 1/3 o/3 1/3 0/3 o/3 1/3
a

byb a a,b
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TARTH lamgdontim_x_c_a_g

Time of Serial Sacrifice
Majmr Histopabholegic .
12 1 2 3 b 5
h nodes 6/5 6/6 6/6 6/6 6/6
H’zO % &’hgb ﬁaagb a,&gb b&bgb agbpb a;b,})
bphnc bgbgb bgagﬁ b b,c,b b’bgﬁ
Atrophy ,
| 53 433 | 33 | 33 | 33 | 2f3
| MEL 83b,b | 8yash | apbsb | bybpC | Bzbed | 89
Testis Nena
o/6 & 2/6 | W6 | 3/6 | 3/ | 3/6
1{20 : ap8 a8 azied | ;bbb | aya,a
Focal aspermatogenssig | bya
wae 133 133 L ep w3y o3 | 2
ks f &3&‘.91) anagb a,b 8 1 9%+ 2,8
}
3
Liver Neae ! |
] 7
HyG r 0/6 0/6 0/6 o/6 | 0/6 0/6
Pelioals hepetig=1like }
lseion ;
m 03 | o3 [ o ;o b oo | oo
i ¥ {l {
* s i
; ¢ !
Noae ;* E f
; i {
Irregularity in the sice 16y 5f6 g 6/6 | 6/6 | s/6 | 6/6
and shape of the H,0 P . ‘ asbyb i agh,b [ gyaph | agasb | pa,b
hapatic cell nuclel - ; bbb I bebyb { bbb | byb | bybyb
oy M3 033 E 3/3 1 2/3 | 2/3 | 1/3
. "aya.b 1 b | b,b,6 aza 8,8 8
) ; ,
] ; '
Brain P Hone ; i
wo | M6 | of b o | 36 | of6 | ofs
Scattered fooal 4 , 2 ! L PE P
hemarrhages ' :
17 a i %3 { 9/3 i /3 13 P o3 o3
i a a
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TABLE le-Gontisued

(Days Posteirradiation)

6 7 8 9 10 1 12 13 1 15
6/6 5/6 3/h /6 o/L 1/ 1/4 o/l o/l 1/3
b, ,b a’a’b a,b,b aga’b a b a
b ,b ’b b ’b c
2/3 o/3 | 1/3 2/3 | 0/3 o/3 | /3 o/3 of2 | 1/3
ayb a 8ya e a
0/s
5/6 5/6 5/6 6/6 W/ N W/h 3/ W/h 3/3
a,asb | asa,a | agas8 | 8,3,3 | 8,8,8 [ a,a;b | a,a,b § asb,c | a,a,b | a,b,0
b ’d b gb b ’b b ,b ] c Q ‘ c
2/3 2/3 2/3 2/3 2/3 2/3 /3 3/3 2/3 /3
ab byb byb .ab ash &,b a,3,8 a,bgb B',b agb
o/s
0/6 0/6 o/6 0/6 o/l 1/ 1/ o/L o/ 1/3
b a b
0/3 o/3 0/3 0/f3 o/3 0/3 0/3 1{3 1/3 o/3
a
2/5
bsb
L/6 | 6/6 | 6/6 | 6/6 | 2m | 3/ | 3/ | LA § 2/ | 2/3
Bgagb a’b’b a,b;b b’bgb bg‘! a,a,b as84,8 a,l’b &8 "b
babsb | bybyb | bybyb |0
1/3 2/3 2/3 | 3/3 33 1 3/3 | 1/3 /3 | 13 | /3
b a,b a,b agbyb | asbyb | azhyb b a b a
o/5
o/6 0/6 o/6 0/6 o/l o/h o/L o/l o/l 0/3
o/3 of3 o/3 | 0/3 2/3 0/3 o/3 1{3 o/3 o/3
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lesn, There was moderefe Ho marked atrophy of the lympheid tisoue
in 211 of €hd animals in both mrohected and unprotected groups, The geverity
of these changez appeared t¢ be less in animels treated with MBA prler %o
proten exposure, In wprobectsd anlmals, the atrophy wag most sevors in the
nioe sacrificed from two to six days. Mild o moderate cougestion wasg a fre
gusnt Pinding in most of the mice exposed %o protons whether they were treated
with MEA or not. Megakaryocytes wers proesent in mild to modevate degree up to
the seventh day bub were more wumerous in mlce killed on the eighth day and st
jater times. Polymorphonuclears were seen in proboneirradiated mice with high
frequency up to the second day. Bayoud this the freguency of oséwrrence droppéd
drastically in unprotected mice bub much less drastleally in iBA«treated mice,

An interesting finding was the faster recovery of the hematopoletic
system of the animals given MEA prior 4o exposure, In this group,recovery of
both gramlocytic and erytbreblastic olomsnts was observed iu mild to mederate
degree in almost all mics killed from the sosond day on. On the other hand, in
mica given probons without ppotection, racovery of hematopoletic cells was only
partial during the second weslkt, Dutramedulleary hematopoiecsis was present in
the spleen ssctlons of all contyol mise in mild to marked degres. Hemosiderosis
was noted in all of the animals exsmined in varying degrees.

In the x-irradiated mice therz was abtrophy of lymphold tissus which did
nod sppedar vo be congistently different in mice glven MEA prior 4o Xerey aXe
Sposura, Faster reeovery of hemabepoletic cells, paridlcularly of the granulee
aybia Bariog, wawy cobgerved in most of the mice macrificed from the sscond day
U  Bobk protegted and unprotecied suimals had mild o modarats coagestion of
Sus Induen. Mogokaryocytes wera ypreseat in almogt all xersyed anilmsls vegords
less of ¢he tdeatment, Polvmorvhenuciser leukcoytes wers observed more Iyaw
quently in waprotected smnimals dwrdng the first six days than in prolected wlce,

Bone marreyw, In most of the zdice exposed to the protoa radiation, hypo=
ealivlarity of ©ho bora marrow in maderate to very marked degres wag observed.
HBypocelluinriby waaz liss freguent zid Irse severe in mice pretwweated with MEA,

In bone marvow acetioas of wise giren veououg, the only cells which remained wers
ths simusoid Muniag-o3lls, & few watrszingzes, retlcular and fa% cells, and some
cuite sbnormal megaksryooytea. Maoueal cellular debris was cbasyved in mice
killed 12 nowrs posb-irwadiation. 'Tiale geuneral cellular depletlon detectable

gt 3 days persisted in proton-irrediated animals uatll the eighth day. Depleted
parrow yaz characterized mednly by vrestly widened sinuses and by the replacement
of mest of ths hematovoieblc marrow callz resulting in a gelatinous marrow. Tho
Jatter offsct was sesn pradeninantly in uaprotected mice killed from the second
2 the suighdth days, Congestion ol »m33 marrow was a frequent finding in proton=
irradiated micay pretreatment witn ~EA dicrecsed the severlty of dthisc effect,

The a»ray=2d mins also exhibited hyorcestainrity and congestion of ths bene marrcw.
Both of thess offects were zonswkad iegs unsrked in the mics trezied with HEA,

The gelatinous merrow ccndltion ongzrved here was very mild in pevardty and was
naver as narkeld as in the mice gives protons. Enhanced recovery in HEA«%ireated
animels wag S2en. At first only a-ybhroblests could be geen, widle later hematos
poiesis was iargely granulocyhic.

Thymus and lymoh nodeg., Acrophy of the thymus was a frequent finding in
the projon-irradiated mice. 'freatnent with MEA pricr to irredistion preventod
these chanpes only glightly with repoprlaticn of the cortex by lymohocytos
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appearing to be somewhat accelerated. Inversion of the normal corticale
medullary relation was observed in some of these enimals at, the second day
post=irradiation. In the thymus a sheet of epithellal and vacuclated stroma
cells replaced the normal cortex. Pyknosls and gquite heavy debris, especlally
in the outer cortex, were obgerved within 12 hours after irradiation.

The hlstoliogical effocts of proton irradiation on mssenteric snd media~
stinal lympb nodes were similar to thome seen in the thymus except that lymphoid
atrophy was often accomnanied by siasuscidel dilstation, In MEA~treated animals
2]l of these alterations were less savere.

Mild to marked atrophy of the lymphold tissue of the thymusg and of ths
lymph nodes was observed in the mice expozed to x-rays and thess chsnges were
diminished in MEA-prstreated animals,

Testis. There was mild %o marked atrophy of seminiferous tubules in
the mice exposed to proton radiation. This chenge was alightly milder in mics
treated with MEA prior to exposure, The microscopie picture was cheracterized
by a marked decrease in the number of germingl cells, particulsrly spermato-
gonia. Appearance of vacuolated and other bizsrre spermatogonia and spermatoo
cytes, together with a decreased number of sperm were seen, Mitotic figures
were abgent in the cells of some tubules snd markedly decreased in many others.
In most of the sectlions from thege animals, a mixture of atrophic and active
seminiferous tubules were gseen.

Foocal aspermatogencsis mostly mild in degree was obgerved in the testis
in most of the xwirradiated mice with or wlithout MEA treatment.

Liver. In a few animals given protons, both with and without MEA treat-
ment, hemorrhagic lesions reminiscent of peliosis hepatis were obzerved. They
were scattered throughout the liver section and were moderate in degree. The
histopathologlcal pieture was characterized by dissolution of the liver frame-
work and extravasation of blood into the spaces so formed,

Another finding, mere pronounced in x-rayed than in protou~irradiated
mice, was irregularities in the size and.shane of the ' hepatic cell nuclei,
These chances were less gcvere in the animals treated with MEA pricr te s~
posure.

Focal hesmorrhages similasr to thosc soen in some of the protun-irradiated
mice wers obasrved in liver sections from two MEA-treated mics killed on the
seventh and eighth days after x-irradlation. The irregularity in size and shape
of nuclel was present in moderate degree in x~irradiated animals and was slight-
1y less frequent in MEA-pretreated mice. Moderate to marked focal necrosis of
the liver was observed in several of the x-rayed mics.

Brain, Focal hemorrhages wore obgerved in the cerebral and cerebellar
gray matter in some of the protoneirradiated animals. Hemorrhages wore in some
cases emfined to the subdural space ounly. Only ons of the x-irradiated animals
had a hemorrhage and this was of the subdural typs.

» A mild to moderate degres of perlbronchial and perivascular accumus
lation chronic Inflammatory cells was presont in most of the control and ir-
radlated animals. Acute and chronic bronchitis and pneumonitis was observed in
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e fow nice glven proton radlation both with and without MEA prebtreatment.
Mild to nederate congesiion was present in a few experimental snimzls.
Ateleotasls, emphysema, and hemoslderosis were cbgerved in a few animals
egain unrelated 4o treatmant.

Perivagenlar gpeumulation of echronie inflammatory cells, zoute
bronchitis, and pneumonitis wers observaed in xe-rayed mice with or withoub
treatment with MEA, Hild congestion was present ln lung sectlons of a fou
¥erayed mlceo

Kidng%@ Perivascular accumulation of chronic inflamnatory cells was
geen in mild to moderate degres in some of the control end irradiated animals.
Congestlon wag found in sections fram a few enimals and in one mouge a moder-
ate degree of hemorrhage was chaerved, In other animals given protons, cystie
dilatation of the pelvis was seen. Similarly, in the mice given x-rays, con-
gestion and perivascular accuwmulation of chrowic inflemmstory cells were cobe
served, both in mild degres.

Digcussion

The gross and microscopic obgervations presented 1n this veport are
resulte of owr continuing effort to compars and ovaluate differsnces in the
blolorical effects of highwonergy protons and x-irradiation and modificaticn
of thelr effects by chemical nrotective arents. It ieg apparent from these
studies and those in our previcus report {2) that acute probon exposure is
assoclated with a decrease in spleen wolghts atrophy of lymphodd tissue in
the spleen, thymug, and lymph nodesi hypocellularity of the bome marrows
atrophy of the testis; peliosis hepatig-llke lesions in ths liverj and
hemorrhages in the brain, All of these effects werce aleo aeen in x-irradie
ated mlce, Thus, it would appear that differances in the pathology from
these two types of radiation are more quantitatize than qualitative.

However, whon MBA was glien pirice to radistion, differences which may
be ragarded ag quallitative did aupzar, Thus, the atrophy of tho splesn was
decreased in mice treated with HiA prler to probon exposure. This protective
effest was not observed in ths spleens of x-irradiated mice. A second intere
esting firding was a differentislily enhenced acmatopoietic recovery in the mice
treated with MEA prilor ©o exposure. MEA stimilated recovery of bouh the graauvloe
cytlc and erythroblastic elemsnbs, bubt it appeared, 2lthough ths differences
were siight, that granulocyble recovery was more pronounced in proton-irradiated
mice during the first fes days after irrediaticn, while in the x-irradiated mice
erytnroblastic elementp predominatid . over granulocytic. This differsncs was
observed ohly at 3, L, end 5 dayc and disapoesred laters

A wumber of other findings, not as uvnexpected as tho preccding ones,
but £till haviug inbtercsiing implicetions were wmade. Hypocellularity of bome
marrow wags decreased irn the animsls that hed VMEA preireatnsnt, and enhauncsd
cellular recovery was cbserved., In thoe bone narrcw sections, early recovery
proceaded mainly via mysloblastic viemsnts repardless of the kind of radiation.

Another interesting vathclogic finding in the present study was strophy
of scninifsrous tubules in the testes of irrediated mice. Thic losion ues
sliphtly more provounced in proton-irrsdiated mice and was less severe iy
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MEA=treated animals., Thers was only a alight reduction of spsrmatogonia and
spermatocytes in both proton and x-rayed animals. Losas of spermatogenesis was
obgserved in proton~irradiated mico by the eleventh post-irradiation day.

Kaplan and Lyon (3) and Maisin ¢t al, (L4,5) have indicated that MEA
does not protect germ cells against x-ray injury. On the other hand, other
investigators (6,7) have suggested that MEA can inhibit the transient, sterie
lizing effect of ionising radiation.

The third interesting finding was hemorrhage in the liver and brain.
The hemorrhagic lesions in the liver wers quite reminiscent of peliosis hepatis
in humans, Inflammatory changes, liver cell necrosis, and a variety of other
factors have been implicated in the pathogenesis of peliosis hepatis in humans
(8«11). Kent and Thompson (12) suggested that the development of the blood
peols is produced by dilatation of certaln groups of sinusoids which subse-~
quently £il1l with blood. Such liver lesions were observed here in one x-rayed
mounsge,

Summary

1, The radiation-induced decriase and subsequent recovery of spleen welight is
slmilar in protone and x-irpradiated wice; some protection against splenic
weight lo=s by MEA was cbaervable far both types of radiation.

2, Atrophy of the lymphoid tissue in the spleen, thymus, and lymph nodes was
obgerved in mice exposed to LLO Mev proton or 250 Kvp x-ray. In proton-
irradiated mice, MEA decreased the severity of this offect in the spleen
while in x-irradiated mice MEA did not produce this effect.

3. Enhanced recovery of hematopoietic cells was observed in MEA-treated mice,
grenulocytic elemsnts being first to recover in protom-irradiated mice
while erythroblastic olements were the first to appear in x-rayed mire,

o Bone marrow hypocellularity, as well as gelatinous marrow, was less fre=
quently observed in MEA-treated animals.

5. Enhanced hematopoietic recovery of the bone marrow was mredominantly myeloe
blastic regardless of the type of radistion used,

6. Focal aspermatogenesis produced by proton and xe-irradiation appeared to be
diminished by pretreatment with MEA.

7. Lesions similar to pelioslis hepatis in humans were observed in proton-
irradiated mice with or without MEA treatment. Similar lesions were obe
served in one of the xerayed mice,

8. Subdural hemorrhages and hemorrhages of the gray matter in cerebrum and
cerebellun were preseut in a few mice exposed to high=energy nrotons, snd in
& X=rayed mouse,
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THE INFIUENCE OF EXPOSURE TO LOW LEVELS OF GAMMA OR FAST NEUTRON
IRRATIATION ON THE LIFE SPAN OF ANIMALS '

"IVe  The Time-Course of Survival in Proton- or Xelrradiated Mice
Pretireated with Chemical Protectors

Do G, 0ldfield, d, Doull, V. Plzak, A, Hasegawa and
A, Sandberg

This report concernsg: The time-eourse of survival in mice totalobody
irradiated by nigh-energy (LLO Med protons or by medium ensrgy {250 Kvp) xerays
with and withoat pre-lrradiation troatment with 2-mercaptosthylarine hydro-
chlorids (MEL) or p-aminspropiopnswons (FAPP).

LIimuoiate or wltimate applicaitiop of the resulitss The results reported
here ars required for determining the relatlons between the survival of proton-
irradiated mice with and without chemical preprotection and that of x»=leradiated
ries girdllariy %reated. Tho analysis of survivalsversus-tlve funchicns hag re-
lation to hiztolegical data already obbained in this laboraiory (3,;2) dutailing
the na2tare, extent, and tempcral development of chinges follwwring eraaidticn
by highuenergy protona and mediwnegnacgy x-rayd. The amalysis 1s aleo velated
to eertadn rethodologlcal questions concarning the quantitativa assussaemt of
radiation devage and of protectica in exgeriwental animale, .and roscs-uing the
later-compayison of seeh mausurca:wty with ezch obker for warr cue 3o and
typea of vasiation and ¢hemlcal protectors.

SR 4 A R e 4

Tau yoegent gtalus of Lra ;.. o probection progean (v thisz latoratory
may bs brdefdy (ummarized sg folloe. “te tvo exporiments) rans (Ssries A and
Series B) mac:z thue fay vcint hic f‘\ grotons have ahown (3 h,s) that both MEA
and PAFP car protect CFy male nies in the age rage 19 £ 5 weoks againot lethalidy
as measursd by conventiconal .ndicas such ag LD g8 and DiF 3. these
atudies have algo shown &hs exipianre o a difgeégntial probcative effect in the
senge tnabt, whersas MPA iy woen effeatve than PAPP for pro%en doses in the
vicinity of the 30-cday raclethnl desg. 7oy z-ray midlethad deges, the vevese
1g tme, with FAFF belps more offectyve then MBA. Thig resuld might bo attrie-
buted primarily b0 evenits occurring during irradiationg ana thus relate either
to qualitative differcneoes in the mbure of the energy depogition preiuced by
protona and x=rays3, or Yo qualitative differences in ths interacticn of the proe
tectors with chenical species prodecsd during irradiation. Or ths result might
be attributed primarily to evanta occurring after irradiation; and thus relate
to qualitatively different sequelae vhich develop from what are iaitially only
quantitative differeiices produced by lyradiation in the procenes of tho pro-
tec:lve agenta :

To explore these several posaibllities in deptl will undoubtedly require
some ex:ensloa of the investignhive program in the direeticn of {2) more accurate
determinat ions of the linear anerpy transfer disbrituticons for ezch of the
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radlationsy (b) comparative measurements of the interaction of protective
substances with melecular components of ivradiated cells, (¢) gquantitative
nistopathologle data on the kinetics of radiosensitive cells in irradiated
mice, and (d) analysis of the development of lethality with time in popu-
lationg of irradiated mice, The present report is concerned with certain
agppchs of the lagd problen.

Haterials and Methods, Since detailed presentations of the physical
and biological tedhnigued employed have boen made in previous reports (3,4),
only the mejor features of the experimental design are given here, These are
shown in Tables 1 angd 2,

p: Eﬁtsul\‘;a

In Tubles 3 and It are presenbad fracticnal surviwl dats to 20 weeks
pogt-rradiaiion cbiained in Serics & for chemically protecied, proton-
irradiated wiceg, Survival data fov cagesiscted mice of Serles A which re-
ceived protoné have bean given in & prior veport (), Tablas § and 6 give
survivel deta for the Serizs B protectsd and urnprotected proton-irradiated
groups to i 15 weeks posteirrseistica., “ables 7, by, snd 9 give similar data
for the Serics A werpy lvyaciaticny o 0 wesks post-Lirradiation,

The whisnuued dyviatinn ixn the tablas s calelated on the asstmption
that deathe within each proup of vico s% a particulur Cose lewel obey binomisl
statistiecs, ard that the Ffracticnal sarvival observed in this group is o
reasonable estimate of the fractionsl rarvival that would ba obseirved in a
large population of mlce. The muber p iz the initial rumbar of mice, not ine
cluding any irab cled cwdng lerediaticn or during the first 4wo drys post-
ipragiaticorn. In the couirel graps, the nunbsr of nico excliuded from analysis
due vo immediste death (during iriadiation) or due %o shorts-term death (two
days posheirradiation) is negligivle. In groups receiving MZA or PAPP before
Irradiction, the excluied mice ccmrpice about 5 te 159 of thz initisl number.

in view of the probable mulbiplicity of processes wilch can lead %o
an andnal®o aeuth, and in view of the tarisble time intervalz tint such
procezses may roquire in different mice, it 18 not unreasonable to regard
the initial developwent of mortality in irradiated mice as s random process,
fomally analogous %o radicactive daczy. In this case, the Fractional our-
vival rhould decrease exmonentlally with tima, When the dab: of Tableg 3
threuzh 9 are plottad senilogerithulenlly, the survivel points for early
deaths do, in fact, follow z gtraight line reagomably vell. The experimental
Gata depart, howaver, fmn the simple decay medel in two waye: Ffirst, there
is fracaently a lag or delay before sny decths at all occur; second, the "de-
eoy" rate Lo wet constant al later times. The behavier of ths survival points
with time c=n b3 hetber approximated by a sel of line segments, fitted by eye
to tho data, veing for e:zch line segeent thoce successive points that lie
withia the calculated sbandard deviation- The fitbing procecdure staris with
the inltial polats md moves progressively to points ruasured at later times.

AL duia of Tables O theough 9 have tecn plotted and cxamined, bab
only sedectod oieves are exhibitod for the purpess of discussion at this tims,
The nurarieel tnalysiz o ald o7 the duta, to be prescnted in a later report.
will e ueninpmied olbler by luns segnenss or continuvus curves approzimating
tho survsivel yolnis, o Lhe prasent report ownly tho rr jor foatures of the data
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TABLE L

Specification of Irradiation Parsmeters

5 :
Pacameter % Protons ferays

b é

Accelerasor 1 170=inch synchrocyclotron | Gensral Electric Maximar XTI
;? or Keleket
| i

Energy 1 Lo Hev . 250 Kvp
i

Flux rete or careent | Ocb « 1,0 x 1089 protons/ 15 na
:L BEE ‘

Pulse width f U400 micrceecs. | 8,75 millisec,
l“ _}

Pulse repetition raiel 70 rulsss/eec. §§£b pulses/seco

|
.:ih;

External filter 4 1ol gme/ox® (Mylar plus air) ! 1/) nme copper pius 1 mm, alum.

i
ﬂ |

3 |
Size of external & 4 inches x L inchss i {(none)
collimator b {
i i
it j
FsD 4 (Locuged vean) 5,75 e,

Backscetter material ﬁ 1/ ineh lucite L inch luclte

. A . .
Bsam glze ob ivradi- & 9 inches x 9 inecnes %0 or L5 emo
i

ation swrfsce ¥

N

L0 « 80 rad/rdn. 10 rad/min

Appror. doge reie in
phanton

o T e e
B B e e e mair

B
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TABLE 2
Specifiication of Chemical end Fiological Parameters
Parameter Specification

Drug doSe8 o s » + 9 2 2 w o o o » o HEAL 225 mgm./kemey agusoup solution

PAPPs 30 mgn./kem. in 50% squeous
propylens glycol

Vater or propylene glycols 1% of body
weight

Mouge gtrain - o o » v ¢ <« = v o ¢ o OCarworth Faras CE‘,f
Sex N I T R

: o & a o Male

Age of drradiation ¢ o o - o o « o o 1l %0 24 weeks

Caglog « ¢ o =~ v ¢ =« 3 2 s o . o . 12 o feser micey7x%013 stainless csge
Feeding o c . o e ¢ v o . - ¢ = s o Rockland Mousw Idet plus wabter, avallable
£d libitum

Strvival checlr o o ¢ o . o 9 ¢ o » Daily to 30 doyr; weekly thersafter
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TABLE

3

PAFP Prior %o Proton Irradiation {Seriss A)

\‘%.D (rads)
T,

t (Days) ™|

235

L68

591

e

i
j

®
i

702

820

N e A SR R T

- 1,00 = .01

95 50k

97

ol

1,00 & 0L

O
08‘0 007
o7l 07

08
08

211
-69

1,00 =
39h

-89
»86

.80
o117

0721

~0L 3

L0l

06

207
207

1,00 &
97

»88
.82

079

oT7

202
203

<07

o7

oO7

1,00 =

o9l
091
.88
-85

282
oT9

oT7

002

A0l
005
06
006

-0T
<07

07

Ry e -

e i - AT L A TR

37

W
A¥28

35

3h

3k

D=

moe

absorbed Cras; & ¢ poateirradiation time.

inltial nuvber of mice

Error term iz the calculated standard devistion,



TABLE U

Fraciional Survival versus Tims Postelrradiation for Mice Civen
MEA Pricr to Proton Irradistion (Series &)

"D (rads) 235 351 168 591 02 820

\%%.
t (Days) e |

3 1000 & o01] 1,00 % 01§ 1,00 % c01| 1,00 2 o0} 1,00 2 o] 1,00 £ 01

9 i ; b 097 203
15 | | 095 o0k 86 06

N
ot
9
=
<]
o
1

'89 Vg a87 006 083 rQS
D81 O%

; ‘ ' 778 207 o7h 07
hg i h 069 008
56 66 .08

C .97 03! 75 07
293 ooh ! tL97 03 286
«95 0§ .83
i 292 o0k

r;gQ ﬁosl}; 8 06 T‘
1y o 7 ° y

8 .05
‘ - oBL 06
o95 Gﬂh 3?8 0073

<98 L2
095 003

N
<

=
n

-
o

.03 .08

[

2R

o
=

<13 207 ’i 460 .08

At e

070 008 .

1
O 31 33
; z

D = agbgorbed dese; + = posbelrradiation time,

37 35

put
L
L]

o At R A TR e

s e g Vi e

m v initial nuab:r of mice.

Error term im the calculated sbtandard devieticn-
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TABLE §

Venicle Only Pricr %o Prcton Irradiation (Series B)

Given

D (rads)
3902 L872 618 716 82 935 1037
% (Days)
3 11,00 & ,011.00 % ,oni1.00 % conf1.00 2 Loili.002 Loni1.00 % ,01i1.00 & L01
6 { : .92 )05 .:914 ooh 397 503 086 006
9 97 L3783 .05 78 .07} .86 .06 ,78 ,07f .56 .08
12 F1 .03 t .80 .07} 67 .08] .72 .08f .64 .08 .44 .08
15 86 06l 77T L07) 6L 0B8] .54 .08 .56 ,08] .39 08
18 81 .07 61 08 36 .08
21 | A ;.‘ i nsl ".08 053 908
30 ‘ 5 P .71 .08 58 .08 k9 .08 |
36-37 | .ok o4l -T2 .8 " | Ly ,08)
hi=l? | '
1i8=49 i ﬁ !
56=57 , [ -85 08} .46 .08} .42 .08} .33 .08
6263 ! ! ! »31 .08
69=70 ; ;.53 .08
7677 t
8381, 3 .08
9091 » '
97-96 92,05 0 0B} oz 08 ﬁ
10)4-105 E ;
) | ! i
i ! ! ) i
m ! 36 36 i 35 § 36 35 1 36 36
i i ! !

{

D v apgorbed deges © @ post-ilrradietion tims,

m = initlal number of mice

Error {cvn 16 the calculated standird deviation

a
Uge larger value of t.



Fractional Survival versus Time Pogtelrradiastion for Mice Given

TABLE &

PAPP or MEA Prior %o Proton Ivradiation (Series B)

=D (rads) PAFP MEA
\
\‘\\ a a a
t (Days) 873 1116 13k7 971 1255 1395
o |
3 1.00% 02 |1.,00% 01} 2,00 % ,02] 1,00 % 02} 1,002 ,02}1.002% .02
6 O ohl .83 0B 93 J05{ .88 .07
9 < 9? 603 e 89 005 062 008 097 003 o“l’a 008 063 010
12 oT7T 08 1% 69 .08 091 L0510 66 090 54  o10
18 66 OBl .59 .081 .88 .06 .59 .09
18 73 <08 | .63 .08 -85 .06 |
21 ~82 507 f
30 56 .09 255 09| 50  S10
37=38 :
’-&h"’hs ] 6? >} 09 60 2 08 a 53 o 09 s ?9 007 3
52“53 57 008 olﬂ 409 067 508 gh8 009 J
58"59 ] u-hl .-,08 )6,4 OOB ohl o09 I
6565 .
72“73 063 009
79--80
86"87 l\"38 .)08
93‘°9h +60 >0F § -5k Neih | olth » 10
100101 e : 261 509 Loz L0
n 30 35 : 3l 32 29 I 2k
§

D w gbsorbed dosej ¢ = posteirradiation tims-
m = initial number of mice
Error term is the caleculated standard deviation-

®Upe larger value of %,
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JALLE 7

Fraciional Swreival versus Time Post-Irradlation for iflec Glven
Vehicle Only Prior 0 XeIrradiation (Serdes A)

\2 (rads)
. | 222 333 i 555 666
4 (Days) e
]
3, 1000 = 0L | 1,00 - .01 | 1,00 = o0L | 1,00 « .03 | 1,00 & 01
6 ' AT W93 }
9 i 97 =03 <42 05 ' 86 006
12 ‘ {1 .91 .05 W95 O b L7807 | .53 L08
15 ; 789 ‘305 .86 o '-6,4 ,08 i 239 .08
18 3 f 053 308 f 036 008
21 W97 .03 b W81 07 250 .08 !
26 g 36 J06 b L7208 % b7 .08 |
3h ; L .70 08 § .33 .08 .33 .08
bl oaj 006 4 : a31 008 ! 031 008
hs i‘ ! 025 20T | 229 008
55 s | 'J )
62 5 ! ' J :
16 : : | 1
83 | ; . ‘ g
92 92 W05 | 7T L7 | . :
97 @ 89 o OS ] 3 .?b» 7] 0? l 4 624‘; ) OB 2 v
106 !{ >11 ,O{S ) ! .22 .07 R
118 283,06 | io.6L .08 F !
125 t P66 08 | E ;
132 8L 07 L .63 508 0 .58 .08 ! ;.
139 ; <56 .08 ¢ © 28,07
, \ i ; ‘
n C 36 A R S Y
§ i } ; !

D = gboeoyi.ad doge, L = post wrxadiaticn time.

@m = initdal muxber of mice.

Error eym ig the celeulated shanderd deriation.
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TABLE 8

Freotionel Survival versus Tine Pozte=Ixradiation for Mice Given
PAFP Bricr ¢o I=Trradiation {Series A)

S D {ruds) E
e . 555 i 686 17 888
v (Days) " i
I
i . J ! !
3 3,005 500 | 1,00 2 401 | 1,00 % L0L | 1,00 % o0k | 2,00 2 .01
i ,E o9 »03 o7 «03
9 }: ‘? 3913- oo’-l 0914 00)4
12 9T 503 [ W86 .06 | .86 .06} .89 ,05
15 ; f 588 905 ;Ji 381 307 583 007 086 °
18 90 W05 §osT8 0 LO07 b ST7 L07
23 ,rl‘ N f '; A o T a08 083 706
26 CLBT LC6 W75 S0 | -69 .08 | .78 .07
3,‘_& i .;,8}_; 006 763 oOB i 072 o08
b1 ' 85 .06 1 .67 .08 | .57 08
) LoWB2 LU , 67 .08
55 ' ' |
¢ B oo b o
'g& CoWTh 07 g B3 o6 6k 08 [ oSk L08
3 { '
92 * y \
97 \ ‘%
106 : ! * 6L .08
113 R £ s : A
118 | :
125 ; a
132 | !
139 N { X
m \ 38 5 ko E 35 35 36
K

D = absorbed doses t = tpogi-irradiation time,

1 = initial number of mice,

BError term is the caleulated sctanderd deviation,
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TABLE 9

Fractional Survival versus Time Pogt-Irradiation for Mice Glven

MEA prior to XeIrradiation {Series A)

I
D (rads) '
Lk 555 666 777 888
t (Days?'\\
i
3 1,00 & .00 | 1,003 o01 ] 1,002 01 | 2,00 @ 01 | 1,00 % .00
6 ! 298 L0
9 | 293 o0 | o85 .06
12 095 SO | .76 .07 | .61 .08
15 B 06 o7l 07 256 .08
18 98 .05 63 08 o5 .08
21 82 06
26 .95 03 i oTh o7
34 295 <03 i JTL 07 | 61 08 | .h9 .08
bl i oSh  L08
L8 ! 51 .08 Al .08
55 ’ U oh2 008
62 L .93 04 ¢ ‘ ;
69 i ' ‘ A9 .08 p
6 i .68 .08 %
83 .90 .05 ¢ b .66 ,08 |
92 1 | [ 63 .08 o34 07
97 : 9k o0 ;
106 ) . 1,08 .39 508
113 ? ”88 305 é 337 008 :
118 ! i .90 .08
125 ¢ .83 ,05 (‘
132 | .
139 é 281 L0 58 .08 229 07§ .32 .07
; ] i
m E 2 Lo 38 L1 41

D = ghsarbed dose; t = post-irradiation ¢ime-

m = initisl number of mlce,

Error term is the calculated standard deviaticn.
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obtained thus far will be describad. These can be verified by inspection of
the tabular data or of the illustrative curves discussed later,

Speaking generally, the curves for mroton~irradiated groups and
x-ippadiated grows (with or without pretreatment with either protectop) are
aimllar, The behavior of all of the curves can be described as were the une
tieated protan-irradiated groups in a preceding report (L). The initial death
ratas increase with increasing radiation dose; the initial rate of death is
succeeded by a gecondary rate of deeth proportional to, but smaller than, the
initial rate; the transition from initial rate to secondary rate occurs earlier
in time and at & lower survival fer larger dossgj for low deses, the initial
rate appears to be preceded and followed by perieds during which the raie of
death ie zero.

Discussigg

The initial death rates for the varicuz groups can each be approximated
by single numbers giving the slops of the line zegment throuch the survival
points, Theorefors this death process.-initial death neglecting any initial lag
during which the death rate isg zero-~has the smme functional form (exponentially
decreasing with tims) for #ll gromps. In thim sanse, initial death varies only
guantitatively over all of the groups., Howzvoer, when the secondary desth rates
alzo are conzldered and, even mora, when the various delays or lags are con-
gidered, it is ovident that the form of ths funciion which can represent this
behavior must be rore comolicated than exponential to fit the observed survival,
even for a singlo type of radlation and 2 single protector. It would ba per-
migsible to introduce two additional constants: one associated with the par-
picular crug wsed, its mode of sdaministration, ete.3 the other stemming from
the fact thmt the exponential "cecay® of surviwal is not constent. (The valuos
cf these congtants could ke dstermined from the survival data for various radi-
stion dotes with ano without vprosection.) If %hs datz could be fitted by such
2 procedure; the behavior of the curves for a glagle typz of radiation and a
gingle protector could zgzin be regerdod as diffaring only quartitatively for
these groups. If the pame function covld be wed (o represent the survival
data for both types of raciatiom snd both protectors, tha survival behavior
could be regarded as qualitatively the same for all pgroups.

An exemple of & trial Munction walch nipht be imrestigated in this
cenectlon ig

»

n@;D(l - e”’at)
1+ §c

q = ¢

vhera g iz tro fracbicaal maeh o~ of mice purviving: Lo time &, T 1s the absorted
dosey and C iz the mncentrating of preiector in the mnimale The constan® &0
cepends cn the type of raciztiong the congtand @ s on the type of drugs and the
constant & , »a the populaticon of rica used.

dagever, i, ag iz likaty, thn Jota £oy loth radisbicny ant both proe
tectors could not b= fittad by o ailngle function, a reen more complicated
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gituatlon =18aes- The relation one seeks now i3 not that between a certain
get of constants, such as ¢{, (@5, ¥ in the equation above, but rather a re-
lation betw2en two or more different survival functions. This relation, when
applied to one survival function, must generate the other survival function
not merely at one time for one dese but over the enbirs range of interest of
these variaoles., In other words, we describe the differences in the behavier
of two surviwl functions by specifying the transformations requived to conw-
vert one into the other. This relation of survival funciions to each other
constitutes the conceptval mechanism for making comparisons between different
ragimas of treatment. To pass from the concept to the practical snalytical
tool reguires that the changs in type of radiation or type of drug be speci.
fied in & qusntitative way. Por ssdiation, this gspecification might be the
average lineayr energy transfer to molecular congtituents of a cell; for a
drug, it might be come index of reactivity or of extent of reaction with
molecular constituents of a cell. The rationale for extending the investi-
gative progeram can thus be geen to have an analytical basis.

This broad tizatment of radiation survival and protcetion contragts
naturally to the more usval methods of analyzing survival data by restricting
the rangs o7 the variables. Selecting particular values of the variables as
fiducial (e.g., 30-day assay, 50% survival, etc.) yield various familiar
indteces (e.z,, LD 0/300 ST50s she ). The gain in sirplicity, howaver, is
accompanied by a Eeas of inforvabhion regarding the relation of the variables
to each oth>r except at the : £iducial points, The loss may or may not be sig-
nificant Hr any glven investigation, In the case of radiation-induced lethali~
ty and protaetion againgt lethality, where the biological events observed
(an-mal deash) iz removed in time from the inducing physical event, neglect of
time as & sirlable of iaterest could esslly produce data which was mialeading
from an iutororecative woint of view.

An 24ditlonal point regarding the analysis of the survival data con-
cerng the rzproducibility of the swrvival curves from run o run. The indi-
caticns froa a compeyis:n of Scries A with Scries B curves for proton-irradi-
ated animals are that (1) reasoaabis agreement (within 1 standard derlvation
over the entire carve) cccurs in roughly one-gquarter of the groups (e.g.,
Tigures 1 aad 2); (b) devistione appreciably greater than 1 standard deviation
also occur in sboub cne-quarier of tho groups (e~g., Flgures 3 and L3 (¢) about
helf of ¢he rrouvps s bitirson Shisss onbremes, with agreement betwecn some
porticnys of the eueve bob nos bobwocuw others (Figures 5 and 6)c

The isrortanc. of %inc a3 & prrazeter together with the fact that
systlemanic differences tolwuoen guwwival curves tend to be obccured by fluctu-
ationg in &he time-gouvr-g of surviml muke 1Y reasonable to commence the dee
tailed analysils of radisprotectlon neing the concept of survivance, This
quantity, defined ag the time inbepral of the rarvival curves between specie-
fiad lindtg, ham koer diseusied du a praceding report (L). The use of this
murat iy ecan b reparded ao o cororemiga between preserving bimo as an exe
Plistt sntrangfornel vaciable ard savothing certain of the fluctuations in
eurrival Mieh ogrer frow axoarirest to experiment.

Fowe wio
v Chasea LY
B

1 orpewivel vecmpe tine 'n OF4 rale nlee btobalebody irradiated by high-energy
(L 10 i0¢) protere or by rediwm energy (250 Kvn) x~rays with and without
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pre-irradiation treatment with 2-mercaptoethylamine hydrochlorids or
p-amincpropiophenone 1s reported.

General propertles of the survival curves and differences between curves
for replicated runs are deseribed.

The anelytical bagls for a detalled camparison of the entire course of
survival curves is dilscussed.
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